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INTRODUCTION 

Object 

The  object  of  this  thesis  was  to  develop  the  design  of  an 
885-megacycle  television  transmitter  for  experimental  use  by 
station  KA2XBD,  which  Is  an  experimental  television  station 
owned  and  operated  by  Kansas  State  College. 

Transmitter  Requirements 

It  was  essential  that  the  transmitter  have  a  band  pass  of 
5  megacycles  so  that  standard  525-llne  television  and  Its 
associated  sound  could  be  broadcast  over  the  same  transmitter. 
This  Is  to  be  accomplished  by  frequency  modulating  a  4.5-mega- 
cycle  subcarrler  and  mixing  It  with  the  video  signal  before  it 
is  applied  to  the  modulator  of  the  transmitter.  The  power  out- 
put required  was  low  because  the  primary  use  for  the  transmitter 
will  be  to  obtain  propagation  data  at  885  megacycles.  However, 
the  antenna  was  designed  for  high  gain  and  a  desirable  broad- 
cast pattern.  The  transmitter  design  included  the  use  of  as 
much  surplus  equipment  as  possible.   This  policy  was  in  keep- 
ing with  the  overall  object  of  station  KA2X3D  to  investigate  the 
cost  of  providing  television  to  small  population  centers. 

Scope 

Included   in  this  thesis  are  the  design  calculations   for  the 
final  amplifier,   modulator,   exciter,    and  the  development  of  the 
antenna.     Also  Included  are  discussions  of  the   tubes  and  cir- 
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cults  employed  In  the  transmitter.   This  thesis  does  not  In- 
clude the  video  amplifiers  preceding  the  modulator  tube. 

Method  of  Attack 

The  design  of  the  885 -megacycle  transmitter  was  approached 
from  both  a  theoretical  and  an  experimental  viewpoint.     A  com- 
pleto  layout  for  the  transmitter  was  first  developed  in  a  quali- 
tative manner.     The   tubes  and  circuits  for  this   layout  were 
chosen  in  accordance  with  the  principles  to  be  discussed  later. 
It  should  be   pointed  out  here  that  this   layout  Incorporated 
the  use  of  the  more  conventional  type  of  circuits  extended  into 
the  ultra -high-frequency  region  instead  of  the  more   costly  and 
difficult  to  construct  microwave  structures.      After  the  proposed 
transnltter  layout  was  completed,   the  radio-frequency  stages  of 
the  transmitter  were  constructed  and  the  parameters  affecting 
their  Operation  determined.     With  this  additional  Information 
about  the   circuits  employed,  the  final  transmitter  design  was 
made. 

PLATE-HODULATED   FINAL  AMPLIFIER 

Choice  of  Tubes  for  Final  Amplifier 

At  the  present  time  there  are  not  many  electron  tubes  which 
will  operate   satisfactorily  in  the  1000- megacycle  region.      Kly- 
strons, magnetrons,    and  specially  designed  space-charge  control 
tubes  are  the   principal  types  of  tubes  useful  at  this    frequency. 
Klystrons   are  more  readily  adapted  to  oscillators  than  ampli- 
fiers,  and  a   satisfactory  method  of  modulating  magnetrons  has 
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not  been  developed.     This  eliminates  all  of  the  principal  types 

except   space-charge   control  tubes.     The  main  class  of  tubes 
within  this  type  are  the  disk-seal  trlodes  popularly  called 
"lighthouse   tubes".     Because  of  their  physical  construction, 
they  lend  themselves  readily  to  use  with  ultra-hljr.h-frequency 
tank  circuits.      Since  one  of  the   requirements  of  this   project 
was  to  make  an  885-megacycle  transmitter  as  economically  as  pos- 
sible and  high  power  output  was  not  too  important,   the   larger 
and  more   costly  lighthouse  tubes  were  not  chosen.      Instead  the 
2C43  lighthouse  tube  was   selected  because  it  was  available  on 
the  surplus  market.      The  mechanical  construction  of  a   typical 
lighthouse  tube  is  shown  in  Plate   I. 

Choice  of  Circuit  for  Final  Amplifier 

Push-pull  operation  of  two  2C43  tubes  In  the  final  amplifier 
was   decided  upon  since  it  gives  greater  power  output  and  simpli- 
fies tank  circuit  design.      Push-pull  operation  also  has   the   ad- 
vantage at  very  high  frequencies   of  placing  the  tube  lnterelec- 
trode  capacitances  in  series,   thus  reducing  the  capacltive   load- 
ing on  the  tank  circuits.     Two  2C43  lighthouse  tubes  operating 
in  push-pull  will  furnish  a  power  output  of  IB. 3  watts  at  the 
crest  of  the   modulation  cycle. 

Grid  separation  or  grounded  grid  construction  was  chosen 
because  it  does  not  require  neutralization.  Lighthouse  tubes 
are  well  suited  for  this  type  of  circuit  because  the  plate  and 
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1  For  final  amplifier  design  calculations   see  Appendix 


EXPLANATION  OP  PIATE  I 

Fig.  1.   Photograph  of  two  typical  lighthouse 
tubes. 

Fig.  2.   Mechanical  details  of  the  2C40  light- 
house trlode. 


PLATE   I 


(a)  &> 

Vni    i.i.— Typical  lighthouse  tubes:  (a)  the  2C43  and  (b)  the  2C40. 


Anode  connection 


Octal  base 


Fig.  1-2. — Mechanical  details  of  the  2C40  tube. 


cathode  connections  are  on  different  aides  of  the  grid  plane. 
Alao  the  plate-to-cathode  capacitance  is  small.     This   allows 
complete  separation  of  the  cathode  and  plate  tank  circuits 
when  the   grid  plane  lies   in  the  plane  of  the  shield  separating 
the  two  tanks.     The  final  amplifier  constructed  in  accordance 
with  this  principle  showed  no  tendency  to  oscillate. 

Three  possible  methods  of  providing  bias  for  the  final 
amplifier  were  considered — cathode  bias,  grid-leak  bias  by 
floating  the  power   supply  off  of  ground,  and  grid-leak  bias 
with  the  grids  connected  to  ground  through  a  condenser.     These 
methods  of  obtaining  grid  bias   are  shown  in  schematic  form   in 
Plate  II.     Grid-leak  biasing  by  floating  the  power  supply  off 
ground  was  discarded  because  it  would  place  a  large   capacitance 
across  the  output  of  the  modulator.     Grid-leak  biasing  with  the 
grids  grounded  through  a  condenser  was   chosen  over  cathode 
biasing.     Grid-leak  biasing  was  preferred  because  it  prevents 
the  plate  voltage  swinging  below  the  maximum  grid  voltage  dur- 
ing the  trough  of  the  modulation  cycle.        To  accomplish  this 
type  of  biasing  without  loss  of  plate  and  cathode  tank  separa- 
tion,  the  grid  terminals  of  the  tubes  are  connected  to  a  brass 
plate  which   Is   separated  from  the  center  partition  of  the    shield 
by  a  sheet  of  mica.     These  two  plates  with  mica  dielectric  form 
the   condenser  which  maintains  the  grids  at  radio-frequency 
ground . 

Lighthouse  tubes  have  been  primarily  used  with  coaxial  line 


Frederick  E.   Terman,    Radio  Engineering, 
(New  Yorks  McGraw-Hill),   1947,   p.   471. 


Third  Edition 


EXPLANATION   OP  PLATE  II 


Pig.  3.  Push-pull  final  amplifier  with  grid-leak 
bias,  grids  connected  to  ground  at  radio 
frequencies  by  condensers. 

Pig.  4.  Grounded  grid,  push-pull  final  amplifier 
with  cathode  bias. 

Pig.  5.  Grounded  grid,  push-pull  final  amplifier 
with  grid  leak  bias  obtained  by  floating 
with  power  supply  off  ground. 

(In  Pigs.   3,   4,   and  5,   the  plate  and   cathode  tanks 
composed  of  resonant   sections  of  parallel  wire  trans- 
mission line  are  replaced  by  their  lumped  constant 
equlv  alenta  for  clarity. ) 


PLATE      II 
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Pig.    3. 
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Fig.    4. 
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Pig.    5. 
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resonators.     However,    coaxial  lines  do  not  lend  themselves  read- 
ily to  push-pull  operation  because   of  the  mechanical  difficul- 
ties In  tank  construction.     If  a  coaxial  tank  were  used  it  would 
be  necessary  to  have  a  sliding  trombone  to  vary  the  length  of  the 
line  for  tuning.      An  oscillator  employing  this  type  of  tank  was 
developed  as  part   of  the   type  AH/TPS-8  radar  warning  equipment. 
To  eliminate  the  difficult  problem  of  constructing  a  coaxial 
tank  with  Its  sliding  contacts,   the  plate  and   cathode  tanks  for 
the  final  amplifier  are  shorted  sections  of  parallel  wire  trans- 
mission lines. 

Experimental  Pinal  Amplifier 

The  original  model  of  the  final  amplifier  was  constructed 
in  a  brass   trough  3  inches  deep,   5   inches  wide,   and  15  inches 
long.     The  plate   line  was  made  from  3/8-inch  silver-plated  brass 
tubing  spaced  2  inches  between  centers.     This   gives  a  b/a  ratio 

of  10.7  which  exceeds  the  b/a  ratio  of  8  for  maximum  input  lm- 

2 
pedance  for  a   shorted  open-wire  line.       However,   the   input  imped- 
ance  is   98  per  cent  of  what   It  would  be   for  optimum  spacing. 
Tubing  3/8  Inch  in  diameter  was  chosen  because   it  matches  the 
diameter  pf  the   plate  cap  of  the  2C43  and  a   spacing  of  2  inches 
was  selected  because  the  tubes  could  not  physically  be  placed 


1  Howard  C.    Lawerence,    "High  Power  u.H.F.   Transmitter," 
Kadlo-Electronlc  Engineering;  Edition  of  Radio  Kews ,   39:3, 
Kay,   15467 

2  Frederick  E.   Terman,    "Resonant  Lines  In  Radio  Circuits,' 
Klectrlcal  Engineering,   53:1046,    July,    1934. 
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closer.     The   cathode   line  was  constructed  of  1  l/2-lnoh  silver- 
plated  brass  tubing  also  spaced  2  Inches  between  centers.     The 
characteristic  Impedance  of  the  plate   line  was  272  ohms  and  the 
characteristic  impedance  of  the  cathode   line  was   61  ohms.      One 
side  of  the   shield  was   left   open  to  facilitate  movement  of  the 
shorting  bars  and  placement   of  the  eoupllne  loops.   Cathode  bias- 
ing was  used  In  the  experimental  model  to  simplify  the  mechan- 
ical  construction. 

Considerable  time  was  spent  In  attempting  to  tune  the  tank 
circuits  to  resonance  with  the   excitation  being  supplied  from  a 
variable  frequency  oscillator  capable  of  tuning  to   885  mega- 
cycles.     It  was  found  that  a  slight  Indication  of  resonance  of 
the  cathode  tank  could  be  detected  on  the  basis  of  maximum  grid 
current  when  the  shorting  bar  was  placed  very  close  to  the  tubes. 
The  plate  tank  also   showed  signs  of  approaching  resonance  when 
the  two  plates  were  shorted  together.     This  indicated  that  It 
would  be  Impossible   to  tune  the  tank  circuits  to  the   first 
quarter  wave  mode.     Next,   the  shorting  bars  were  moved  back  and 
a  search  made  for  the  three-quarter  wave  mode.     More  grid  cur- 
rent was   drawn  when  the  cathode  tank  was   lengthened  because 
better   coupling  to  the  oscillator  was  obtained.      However,    It 
was  noted  that  movement  of  the   cathode  shorting  bar  had  no  appre- 
ciable effect  upon  the  grid  current.     Also  adjustment  of  the 
plate  tank   gate  no  indication  of  resonance.      A  check  of  the 
standing  waves   on  the    cathode   line  with  a  neon  bulb  gave  no  in- 
dication of  a   voltage  maximum  on  the    line.      But  the   neon  bulb 
did  Indicate  the  presence  of  radio- frequency  voltage   on  the  in- 
side of  the  shield.      Closer  examination  showed  that  the   oscll- 
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lator  was  exciting  the  region  between  the  cathode  line  and  the 
shield  instead  of  between  the  two  conductors  of  the  line.   Ikii 
caused  the  two  tubes  to  operate  in  parallel.   Reduction  in  the 
size  of  the  coupling  loop  and  closer  coupling  to  the  cathode 
line  caused  push-pull  operation  of  the  tubes.   A  small  coupling 
loop  was  soldered  to  a  dial  light  bulb  and  placed  at  a  current 
maximum  on  the  cathode  line  to  give  a  continuous  check  for  push- 
pull  operation  while  the  plate  tank  was  being  tuned.   Adjustment 
of  the  plate  tank  to  resonance  gave  a  very  small  dip  in  plate 
current.  The  presence  of  several  spurious  voltages  on  the  shield 
were  noted,  but  loading  of  the  amplifier  eliminated  these.  The 
amplifier  was  loaded  by  a  6-volt  bulb  in  series  with  the  coup- 
ling loop  and  a  variable  condenser.   When  the  output  loop  was 
tuned  to  series  resonance,  visible  power  output  could  be  ob- 
served by  the  brilliance  of  the  bulb.  However,  the  power  out- 
put that  could  be  obtained  did  not  approach  the  expected  power 
output  from  design  calculations.  It  was  apparent  that  the  losses 
from  the  open  side  of  the  shield  were  excessive. 

The  open  side  of  the  shield  was  covered  and  variable  loading 
condensers  placed  across  the  tank  circuits  so  that  tuning  could 
be  accomplished  from  outside  of  the  shield.  The  coupling  loops 
were  reduced  in  size  and  placed  closer  to  the  lines.   This  ampli- 
fier performed  very  satisfactorily.  The  increased  shielding  re- 
duced tbe   losses  and  the  improved  coupling  loops  eliminated  the 
tendency  to  excite  spurious  modes  of  operation.   Power  output  of 
12  |  tts  was  observed  and  it  would  have  been  more  except  that  the 
oscillator  being  used  as  an  exciter  was  not  capable  of  furnishing 
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sufficient  driving  power.     A  photograph  of  the  experimental 

amplifier  18   shown  In  Plate  III. 

Final  Amplifier  Design  Summary 

The  final  amplifier  was  left  unchanged  In  the  final  design 
except  for  the  use  of  grid-leak  bias.     The  effect  of  tuning  the 
tanks  to  the  three-quarter  wave  mode  was   to  reduce  the   shunt  im- 
pedance  of  the  tank  circuits.      This  was  not  too  objectionable 
because  the  unloaded  shunt  impedance  of  the  plate  tank  is 
1.S5  x  105  ohms  and  the  required  loaded  tank  impedance  is 
27,000  ohms.      The  power  output   of  the   final  amplifier   from  de- 
sign calculations  Is  18.3  watts  at  the   crest  of  the  modulation 
cycle  and  the  required  driving  power  is  2.67  watts. 

MODULATOR 

Method  of  Modulating  Final  Amplifier 

The  choice  of  triodes  for  the   final  amplifier  ruled  out  the 
possibility  of  using   screen-grid  modulation.     This   left  only 
plate  modulation   and  grid  modulation  as  possibilities   among  the 
more  generally  used  methods  of  modulating  class  C  amplifiers. 
Another  possibility  was  to  modulate  the  driver  and   operate  the 
final  amplifier   as  a   linear  class  B  radio-frequency  amplifier. 
However,   the  effects  of  grid  modulation  and  modulation  of  the 
driver  upon  the  plate  circuit  of  the  final  amplifier  are  essen- 
tially the   same  and  the  relative  merits  of  plate  modulation  ver- 
sus grid  modulation  only  will  be  discussed. 

The  lower  plate  efficiency  resulting  from  grid  modulation 


EXPLANATION    OF  PLATE   III 


tnotograph  of  the  experimental  final  amplifier  with  the 
cover  turned  baok.     The   light  bulba  used  for  load  may  be  seen 
below  the   plate  line. 
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The  lower  plate  efficiency  resulting  from  grid  modulation 
than  from  plate  modulation  was  not  of  primary  Importance  here. 
This  is  because  the  plate  dissipation  at  the  crest  of  the  modu- 
lation cycle  as  shown  by  the  design  calculations   is  less  than 
one-half  of  the  maximum  rated  plate  dissipation.      In  other  words, 
the  power  output  of  the   final  amplifier   is    limited  by  the  maxi- 
mum cathode   emission  and  not  by  the  maximum  plate  dissipation. 
The  main  disadvantage  of  plate  modulation  is  that   it  re- 
quires large  modulating  power.     However,    the  linearity  of  modu- 
lation is  greater  with  the  plate-modulated  amplifier  than  with 
the  grid-modulated  amplifier  and  the  plate-modulated  amplifier 
is   less  critical  in  adjustment.     There  is  a  tendency  for  the 
positive  peaks  of  the  grid-modulated  wave  to  be   flattened  be- 
cause  of  Imperfect  regulation  of  the  radio-frequency  exciting 
stage.     Also  the  positive  peaks  are  reduced  due  to   loading  of 
the  modulator  output  when  the  grid  current  of  the  class  0  ampli- 
fier becomes   large.     The  large  modulator  power  required  for 
plate  modulation  was  not  considered  a  serious  disadvantage  be- 
cause of  the    low  power  output  of  the  final  amplifier.      At  the 
crest  of  the  modulation  cycle  of  an  amplitude-modulated  wave, 
the  peak  power  in  the  side  bands  is  one-half  of  the   crest  power 
output  of  the   modulated  final  amplifier   (average  side  band  power 
1/8  of  the   effective  power  output  of  final  at  crest  conditions). 
For  a  crest  power  output  of  18.3  watts,   the  peak  power  in  both 
side  bands  is   9.15  watts.      For  plate  modulation,   the  modulator 
must  supply  this  peak  power  divided  by  the  final  amplifier  effi- 
ciency.     From  design   calculations  the   efficiency  of  the   final 
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amplifier  is  57.1  per  cent.     The  peak  modulator  power  required 
to  modulate  the  final  amplifier  100  per  cent  is  only  16  watts. 
In  view  of  these   facta,   plato  modulation  of  the   final  amplifier 
was  chosen. 

The  transmitter  was  designed  for  transmission  of  a  standard 
video  signal.      Consequently,   the  modulator  had  to  be   capable  of 
modulating  the  radio-frequency  output  of  the  final  amplifier 
with  signals  varying  in  frequency  from  30  cycles  per  second  to 
5  megacycles  per  second.      This   Immediately  eliminated  the  pos- 
sibility of  transformer  coupling  the  modulator  to  the  final 
amplifier.      The   other   alternative  was  direct   or   impedance   coup- 
ling.    Since   Inductive  coupling  was  not  desirable  because  of 
the  great   variation  in  the  impedance  of  the  coupling  element 
over  the  band  pass   of  the  modulator,   resistance   coupling  of  the 
modulator  to  the  final  amplifier  was  selected. 

For  a  class  C  amplifier  properly  adjusted  for  distortion- 
less modulation,    the   relation  between  the  d-c  plate  voltage  and 
the  d-o  plate  current   is   linear.      For  this  condition  the  final 
amplifier  presents  a  constant  impedance  which  is  a  pure  resist- 
ance equal  to  EDb/lb  to  the  modulator.     The  principle  of  direct 
coupling  is  to  control  the  voltage  drop  in  ttie   coupling  imped- 
ance which  subtracts  from  the   plate  supply  voltage  and  givee  a 
voltace  across  the   final  amplifier  which  varies  directly  with  the 
plate-to-cathode  voltage  of  the  modulator  tube.      Plate  IV  shows 
a  circuit  diagram  of  the  modulator   connected  to  the  final  ampli- 
fier,  the  simplified  circuit  diagram,   and  the  equivalent  circuit. 
The  a-c   load  resistance  on  the  modulator  is  the   parallel   combi- 


EXPLANATION   OF   PLATS  IV 


Pig.   6.      Resistance-coupled  plate  modulator  circuit  diagram. 

Tl  =  T2  =  2C4S  lighthouse  trlodes 
T3  =  715A    (W.E.   5D21)  pulse  trlode 
T4  =  2 A3  power  trlode 
T5   =  6SJY  pentode 
T6  =  VR  90 

Cj  =  Cg  =  mica  condenser  formed  by  mechanical 

construction 
Cg   =  C4  =  100-micromicrofarad  condenser  built   into 

the  2C43   lighthouse  trlode 
C5  =  20-mlcrofarad  electrolytic,  by-passed  with  mica 
Cg  =  0.05 -micro  far  ad  paper,   by-passed  with  mica 

L^  =  26  microhenries,  alr-oore,    shunt -pe aking 
Inductance 

Rj  =  465  ohms,   &-watt 

Rg  =  50,000  ohms,    £-watt 

R3  =  35,000  ohms,    4-watt 

R4  =  15,000  ohms,    2-watt 

R5   =  500,000-ohm  potentiometer 

Rd  =  1,400  ohms,    10- watt 

RA  =  ED/Ib   =  6,340  ohms 

RL  =  2,200  ohms,    110  watts 

Ebh   =  830  volts 
Efl     =  100  volts 

Pig.   7.      Simplified  modulator  circuit.     Class  C   final  ampli- 
fier replaced  by  Its  equivalent  input  resistance. 

Fig.   8.     Equivalent  circuit  of  modulator. 
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nation  of  the  Input  resistance  of  the   final  amplifier  RA,   and 
the  load  resistance  Rjj.     The  plate  voltage   on  the  modulator  tube 
does  not  go  to  zero;   consequently,   the  plate  voltage  on  the 
final  amplifier  can  be  reduced  to  sero  for  100  per  cent  modula- 
tion only  If  the  voltage  across  the  final  amplifier  Is   less  than 
the  voltage  across  the  modulator  by  a  fixed  amount.     Conventional 
direct-coupled  modulators  eraploy  a  dropping  resistance  by-passed 
with  a  condenser  In  series  with  the  plates  of  the  final  ampli- 
fier.    This  principle   cannot  be  used  for  video  signals  because 
the  average  plate  current  of  the  final  amplifier  Is  not  constant. 
A  dropping  resistor  by-passed  by  a  condenser  would  tend  to  remove 
the  d-c  component  of  the  video  signal.     Therefore,   a  fixed  volt- 
age that  does  not  depend  upon  the  amount  of  the  plate   current  of 
the  final  amplifier  must  be  inserted  in  the  circuit  to  maintain 
the  voltage  across  the  final  amplifier  below  the  voltage  across 
the  modulator  tube  by  a   constant  amount.     This   could  be   accom- 
plished by  a  floating  power  supply  in  series  with  the   final  am- 
plifier plates,  but  this  would  increase  the  shunt  capacitance 
across  the   output  of  the  modulator.     Since  the  2C43  lighthouse 
tubes  are  provided  with  both  an  r-f  and  a  d-c  cathode  connec- 
tion,  it  is  preferable  to  float  the  cathodes  off  of  ground.     The 
cathode  tank  may  still  be  grounded  and  the  capacitance  in  the 
circuit  will  not  be  increased.     The  cathodes  of  the   final  ampli- 
fier tubes  are  maintained  at  a  constant  voltage  above  ground  by 
the   dropping  resistor  R^.     The  voltage  regulator  across  Ra  keeps 
the  current   in  Rq  constant. 

Plate  V  illustrates  the  production  of  the  standard  modulated 
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television  output  when  a  negative  video  signal  la  applied  to 
the  grid  of  the  modulator  tube.  The  signal  applied  to  the  grid 
of  the  modulator  tube  is  shown  after  the  blanking  level  has 
been  set  by  d-c  reinsertion.  This  signal  Is  applied  to  the 
plate  characteristics  of  the  modulator  tube  on  which  the  a-c 
load  line  has  been  drawn.  The  application  of  the  output  voltage 
of  the  modulator  to  the  class  C  characteristic  of  the  final  am- 
plifier Is  shown. 

Choice  of  Modulator  Tube 

The  alternating-current   load  resistance  on  the  modulator 
tube  Is    (E^  -  EainJ/djm  -  Imln)-      (Einax  -  Emin)  la  equal  to 
EAmax>   the  maximum  d-c  voltage  applied  to  the   final  amplifier. 
Consequently,   In  order  for  the   load  resistance  on  the  modulator 
to  be  small,  which  Is  necessary  for  good  high-frequency  response, 
(•'■max  "  'mln'  "mat  be   large.     Therefore,  the  modulator  tube  must 
be  capable   of  passing   large  currents  and  have  a  large  plate  dis- 
sipation.     It   is  also  necessary  that   the  modulator  tube  have  low 
output   capacitance  and  It   la  desirable  for   Its   Input   capacitanoe 
to  be  low. 

The  capacitance  requirements  for  the  modulator  tube  cannot 
be  met  satisfactorily  by  triodes,   and  pentodes  do  not  meet  the 
current  requirements .      Consequently,    the  modulator  tube  had  to 
be  selected  from  the  tetrode  or  beam-power  classes.     The   6L6 
bean-power  tube  was  considered,  btit  for  the  allowable  plate  dis- 
sipation the  swing  In  plate   current  was  too   small  to  give  good 
high-frequency  response.      A  715A    (W.E.    5D21)  was   selected  as  the 
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modulator  tube  because  of  its  higher  current   capacity  and  larger 

plate  dissipation. 

Modulator  Design  Summary 

The  modulator  was  not   constructed  because  the  primary  limit- 
ing factor  in  its  operation  is  the  shunt   capacitance  across  the 
output  of  the   modulator   tube.     This  capacitance  depends  upon  the 
actual  mechanical  arrangement  employed.      If  the  stray  wiring 
capacitance  is  kept  below  8  micromlcrofarads,   the  total  shunt 
capacitance  will  be  under  20  micromlcrofarads  and  the   frequency 
response   flat   to  5  megacycles    (down  3  db  at  5.5  mc.)  when  shunt 
peaking  is  employed.      From  the  modulator  design  calculations  the 
operating  grid  bias  on  the  modulator  tube  is  17.5  volts  and  the 
peak-to-peak  value   of  the  applied  signal  35  volts.       The  design 
value   of  load  resistance  Is   2,200  ohms  and  the   shunt-peaking 
inductance  required  is  26  microhenries.      For  this  operating  con- 
dition the  plate  dissipation  of  the  modulator  tube  is   60.7  watts, 
the  power  supply  voltage  Is  830  volts,   and  the  harmonic  distor- 
tion Is  approximately  5  per  cent. 

To  compensate  for  variations   in  modulator  tube  character- 
istics the  screen-grid  voltage  should  be  adjusted  to  give  325 
milliamperes  of  plate  current  when  the  control  grid  voltage   la 
0  and  the   plate  voltage   is   100  volts.      Then  the  control  grid 
voltage  should  be  adjusted  for  50  milliamperes  of  plate  current 
with  550  volts  on  the  plate.     These  two  points  are  the   limits  of 
operation  along  the  a-c  load  line,   and  this  adjustment  will  fix 


1  For  modulator  design  calculations,   see  Appendix  page  85. 
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the   load  line  In  the  design  position.      Consequently,   the   load 
resistance  and  power  supply  voltage  obtained  In  the  design  cal- 
culations will  be  correct.     The  only  departure  from  design  con- 
ditions resulting  from  this  adjustment  will  be  a   change  in  the 
harmonic  distortion,   grid  bias,  and   signal  voltage  required  if 
the  characteristics   of  the  modulator  tube  used  differ  from  those 
used  for  the  design. 

EXCITER 

Frequency  Stability 

The  experimental  license  under  which  this  transmitter  is 
to  be   operated  does  not  specify  a  specific   frequency  tolerance. 
The  license  simply  provides   that  the   transmitter  may  be  operated 
in  the  band  between  880  and  890  megacycles.     A  search  of  the 
Federal  Communication  Commission's   reports  failed  to  produce  a 
ruling  on  the  allowable  frequency  tolerance.      Reference  Data  for 
Radio  Engineers  lists  the   tolerance  at   these   frequencies  as  0.75 
per   cent  until  further  aotlon  is  taken. 

Since  It   appeared  that  a  very   liberal  frequency  tolerance 
would  satisfy   FCC  regulations,    the   frequency  tolerance  was  fixed 
by  the  requirements  of  the  receiver.      It  was  desired  that  a  re- 
ceiver employing  high  Q  Input  resonators  be  able  to  receive   sig- 
nals  from  the   transmitter  without  the  use  of  automatic  frequency 
control  or  frequent  manual   tuning.      A  frequency  stability  of 


1  Federal  Telephone  and  Radio  Corporation,   Reference  Data 
for  Radio  Engine era,   Third  Edition    (New  Yorki   Knickerbocker ) , 
T5I9,   p.    13. 


25 

0.06  per  cent  will  satisfy  this  requirement.     The  carrier  was 
placed  at   the  center  of  the  allotted  band   (885  megacycles). 
Therefore,   the  output   of  the  transmitter  was  limited  to  885  mc 
i0.4425  mc. 

Definite   frequency  control  within  the  limits  established 
above  could  only  be  provided  by  crystal  control.     To  reduoe  the 
amount  of  frequency  multiplication  required  to  a  minimum,   the 
original  exciter  layout  Included  the  use  of  a  high-frequency 
crystal.      Overtone  crystals  with  resonant  frequencies  up  to  100 
megacycles  are  now  available.     A  crystal  with  a  resonant  fre- 
quency of  73.75  megacycles,  which  with  a  multiplication  of  twelve 
times  would  give  a  frequency  of  885  megacycles,  was  used. 

Kanuf acturer ' s  Recommended  Oscillator  Circuit 

The  experience  with  high-frequency  crystal  oscillators  has 
been  that   they  are  difficult  to  adjust  for  crystal-controlled 
oscillation  and  that  the  obtainable  power  output  is  small.     The 
author  felt  that  the  oscillator  was  a  critical  part  of  the  trans- 
mitter and  warranted  construction  for  test  purposes.     A  crystal 
designed  for  operation  at  the  seventh  overtone  and  with  this 
overtone  calibrated  to  73.750  mc  +0.05  per  cent  was  obtained. 
Also  the   oscillator  circuit   recommended  by  the   manufacturer   of 
the  crystal  was  received.     The  recommended  oscillator  circuit  Is 
shown  In   Plate  VI.      The   oscillator  Is   fundamentally  a  multivi- 
brator employing  a  dual-triode  with  the   feedback   controlled  by 
the  crystal.     The   plate  tank  of  the   second   section  of  the  dual- 
triode  is  tuned  to  the    second  harmonic   of  the    crystal  frequency. 


EXPLANATION   OF  PLATE  VI 


Fig.   9.     Circuit  diagram  of  the  cryatal  manuf actur  er  ' a  recom- 
mended oscillator  circuit. 

Tl  =  T2  ■  4  12AT7  dual  triode 

cl  ■  c4  -  10-micromicrofarad  ceramic  or  3-17  midget  variable 
C2  =  C5  =  340-micromicrofarad  button  mica 
C3  =  Cg  =  10-micromicrofarad  ceramic 

Rl  =  R3  =  30°  ohms,   1/4-watt 
R2  =  50,000  ohms,    l/4-watt 

L^  =  Inductance  required  to  tune  C^  and  tube  capacitance 
to  resonance  at  crystal  frequency   (73.75  mc) 

Lg  =  Inductance  required  to  tune  C4  and  tube  capacitance 
to  resonance  at  the  second  harmonic  of  the   crystal 
frequency   (147.5  mc) 

Pig.   10.     Circuit  diagram  of  the  Treuke  oscillator. 

Tl  -  T2  =  i  12AT7  dual  triode 

C^  =  100-mloromlcrofarad  ceramic 

Cg  =  3-17-micromicrofarad  midget  variable 

Cg  =  Cg  =  340-micromicrofarad  button  mica 

C4  =  10-micromicrofarad  ceramic* 

C5  =  1.2-10-mlcromicrofarad  Cardwell  Trim-Air  Kidget 

Rl  =  2,500  ohms,   l/4-watt 
R2  =  6,600  ohms,    l/4-watt 

Li  m  air-cored  inductance  adjusted  for  proper  grid  drive 
Lg   ■  air-cored  inductance  adjusted  for  parallel  resonance 

with  capacitance  in  cathode  circuit  at  crystal 

frequency   (73.75  mc ) 
L3  =  inductance  required  to  resonate  C2  and  tube  capacitance 

at   crystal  frequency   (0.31  microhenry  for  73.75  mo) 
L4  ■=  inductance  requir.-d  to  resonate  C5  and  tube  capacitance 

at  the   second  harmonic  of  the   crystal  frequency 

(0.233  microhenry  for  147.5  mc) 
L5  ■  output  coupling  loop;   capacitive  coupling  may  be  used. 

#  The  drive  on  the  doubler  section  may  be  adjusted  either 
by  varying  C4  to  change  the  voltage  division  between  C4  and  the 
input  impedance  of  the  next  stage,    or  by  tapping  down  on  L3. 
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The  operation  of  the  oscillator  may  be  explained  in  the 
following  manner.     For  steady-state  conditions  the  voltage  across 
the  plate  tank  of  the  first   section  will  be  sinusoidal  because 
it  is  a  high  Q  resonant  circuit.     The  plate-to-ground  voltage 
of  section  one  is  also  the  grid  voltage  applied  to  the  second 
section.     The  peak  value  of  this  grid  voltage  is  sufficient  to 
cause  class  C  operation  of  the   second  section.     In  other  words, 
the  second  section  will  be  cut  off  during  the  negative  half- 
cycle  of  grid  voltage  and  rise  to  a  positive  peak  sufficiently 
high  to  draw  grid  current  which  flows  through  the  grid  resistor 
to  provide  bias  for  the  section.     The  plate  current  in  the 
second  section  flows  in  sharp  pulses.     These  plate  current 
pulses  produce   a  voltage  across   the   cathode  resistor.     The 
fundamental   component  of  this  voltage   is   passed  through  the 
crystal  and  forms  the  feedback  voltage  for  the   first  section. 
The  feedback  voltage  is  in  phase  with  the  voltage  applied  to 
the  grid  of  the   second  section.     Since  the  feedback  voltage 
is  applied  to  the    cathode  of  the  first  section,  with  the  grid 
grounded,  the   grid-to-cathode  voltage  is  180  degrees  out  of 
phase  with  the   feedback  voltage.     The  plate  current  flowing  In 
the  first  section  is  in  phase  with  the  grid  voltage  applied  to 
the  first  section  and  the  plate-to-ground  voltage  is  180  degrees 
out  of  phase  with  the   plate   current.     Consequently,    the   plate- 
to-ground  voltage  of   section  one   is  in  phase    (360  degrees  out  of 
phase)  with  the  feedback  voltage  and  in  phase  with  the  grid  volt- 
age  of  the   second   section.     Therefore  the  phase  relations   are 
correct  for  sustained  oscillation. 
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A  more  quantitative  discussion  of  the  operation  of  the 
oscillator  may  be  made  by  considering  only  the  fundamental  fre- 
quency components  of  the   space  currents.     The  peak  value  of  the 
fundamental  component  of  the   space  current  of  section  one  will 
be  designated  by  1^  and  the  peak  value  of  the   fundamental  com- 
ponent of  the   space  current  of  the   second  section  will  be  called 
12.      Since   the  two  sections   conduct  maximum  currents  alternately, 
these  two  currents  are  180  degrees  out  of  phase.     The  crystal  is 
a  short  circuit    to  fundamental  ourrents   and  the  cathode  resistors 
operate  in  parallel.      (They  are  in  parallel  for  the  fundamental 
frequency  component   of   current   only. )     Consequently,   they  carry 
currents  that  are   in  phase  and  equal  to    (I2  -  Ii)/2  in  magni- 
tude.    I2  is  larger  than  (I2  -  Ii)/2,   so  the  current  through  the 
crystal  must  be  in  phase  with  I2  and  equal  to    (I2   ♦  Ij)/2  in 
magnitude.     Therefore  the   fundamental  component   of  current  in  the 
cathode  resistor  of  section  one  is  180  degrees  out  of  phase  with 
the   fundamental   component   of  space   current  in  section  one.      Jhis 
condition  can  exist   only  if  1^  is   less  than  I2.      The  peak  value 
of  the  feedback  voltage  is   (I2  -  IiJRo/S.     This  gives  the  proper 
regulatory  action  to  the   oscillator.      If  Ii  decreases,  the  feed- 
back voltage   Increases;    if  Ij  increases,   the   feedback  voltage 
decreases.     Maximum  feedback  voltage  would  occur  if  Ii  were  equal 
to  zero.     For  good  class  C  operation  of  the    second  section  of  the 
12AT7,    I2  is   20  milliamperes.     The  maximum  feedback  voltage  that 
could  exist  would  be  3  volts   for   a  300-ohm  cathode  resistor. 
Actually  the  fundamental  component  of  apace  current   in  the  first 
section  is  approximately  4  milliamperes.     Then  the  feedback  volt- 
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Q-e   Is   2.4  volts  and  the   tube   operates   class  ABg  with  a  bias 
of  approximately  1.5  volts. 

This  oscillator  was  first  constructed  with  slug-tuned 
ooils  for  the   plate  tanks.     The  tanks  were  first  tuned  to  reson- 
ance at  the  desired  frequencies  with  a  grid-dip  meter.     With 
the  crystal  in  place,   an  attempt  was  made  to  tune  the  73.75- 
aegacycle  tank  for  maximum  grid  current  in  the  second  section. 
However,   no  maximum  could  be  found,   the  grid  current  continued 
to  increase  as  the    slug  was   removed   from  the  coll,  but   It  did 
not  rise  sharply  as  though  approaching  a  resonant  peak.     The 
same  result  was  observed  when  the  doubler  tank  was  tuned;   I.e., 
the  output  of  the   oscillator  increased  as  the  slug  was  removed 
from  the   coil.     Testa  with  a  variable   frequency  oscillator  and 
a  grid-dip  meter  proved  that  the  slugs  were  capable  of  tuning 
the  tanks  to  the  desired  frequencies.     The  colls  were  removed 
and  their  Q  determined  with  a  Q-meter.     They  were  found   to  have 
very  low  Q's.     Also  the  Q  increased  considerably  as   the  slugs 
were  removed  from  the  coll.     This  indicated  that  the  grid  cur- 
rent in  the   second  section  Increased  as  the   slug  was  removed 
because  of  decreased  losses  and  not  because  of  resonance  of  the 
tank. 

The   slug-tuned  coils  were  replaced  by  air-cored  coils  tuned 
to  resonance  by  adjusting  the  number  of  turns  and  spacing.     The 
tanks  were  resonated  to  the  desired  frequencies  with  the  tubes 
in  place  and  filaments  heated  but  without  plate  voltage  by  the 
use  of  a  grid-dip  meter.     When  plate  voltage  was  applied,   the 
grid  current  in  the  second  section  of  the  dual-trlode  and  the 
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power  output  at   147.5  megacyolea  were  more  than  doubled.     A 
check  for  crystal-controlled  operation  was  made  with  a  General 
Radio  frequency  meter.     The  oscillations  were  not  crystal-con- 
trolled.    A  careful  search   of  the  dial  on  the  O.R.   frequency 
meter  produced  beats  every  68  kilocycles   In  the  vicinity  of  147 
megacycles.     The  oscillator  was  blocking. 

Since  the    oscillator  had  been  carefully  constructed  with 
short   leads  and  the  best  apparent  arrangement  of  parts,  no 
course  of  'action  which  would  keep  the   oscillator  from  blocking 
was  obvious.     Rather  than  rebuild  the  oscillator  in  the  hope  of 
finding  another  arrangement  of  parts  or  value  of  circuit   com- 
ponents which  would  prevent  blocking  of  the    oscillator,   It  was 
decided  to  try  another  oscillator   circuit. 

Experimental  work  with  harmonic-type  crystals  at  48  mega- 
cycles has  been  done  by  Treuke.        Ue  recommended  the   oscillator 
circuit  given   in  Plate  VI.      This  oscillator  Is  fundamentally  a 
Hartley  oscillator  with  no  mutual  coupling  between  the    grid  and 
plate  inductances.     At  the  crystal  frequency  the   cathode  is  con- 
nected to  ground  through  the  series  resonant  equivalent   circuit 
of  the  crystal,     x  or  frequencies  other  than  the  resonant   frequency 
of  the  crystal,   the  cathode  is  removed  from  ground  by  the  high 

Impedance  of  the   orystal  in  parallel  with  ttoe  cathode  inductance 

{ 
and  the    circuit  is  very  degenerative.      The   cathode  inductance 

also  provides  the   d-c   connection  to  the   cathode. 


1  Ous  Treuke,    "A  Regenerative   Oscillator  for  Harmonlc- 
Type  Crystals,"  £ST,   33:48,   December,    1949. 


32 


Advantages  of  the  Treuke   Oscillator 

One  advantage   of  the   Treuke  oscillator  Is    that  the  oscil- 
lator section  of  the  dual  trlode  operates  class  C  Instead  of 
class  ABg.     Therefore  the  power  output  obtainable  Is  larger 
than  for  the  manufacturer's  oscillator.     A  second  advantage  la 
that  the   cathode   of  the  oscillator  tube  Is  at  radio-frequency 
ground  potential  during  crystal-controlled  operation.     Conse- 
quently the  cathode-to-heater  capacitance  of  the  tube  does  not 
affeet  the  operation  of  the  oscillator.   A  third  advantage  Is 
that  the   grid  excitation  can  be  adjusted  by  varying  the  turns 
In  the  grid  coll. 

Adjustment  of  Treuke  Oscillator 

The  Treuke   oscillator  was  constructed  with  the  cathode  of 
the  oscillator  tube  connected  to  ground  and  adjusted  for  good 
operation  at  73.75  megacycles.      It   Is   Important  to  tune  the 
oscillator  for  a  natural   frequency  very  close  to  the   crystal 
frequency  or  the   crystal  will  have  no  effect.     Then  the  capaci- 
tance of  the  crystal  was  measured  at  60  cycles  by  a  capacitance 
bridge.     This  capacitance  was  10  ml cromlcro farads  for  the  crystal 
used.     The  cathode  short  was  removed  and  a   capacitance  equal  to 
that   of  the  crystal  at  60  cycles  placed  across  the   crystal  holder. 
The  cathode  indue  tance  was  tuned  to  parallel  resonance   with  this 
capacitance  at  the    crystal   frequency.     Thus,   with  the  crystal  in 
place,   the  cathode  circuit  becomes  a  parallel   resonant  circuit 
shunted  by  the  series  resonant  quartz  crystal.     Therefore  the 
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cathode  is  at   ground  potential  only  at  the   crystal  frequency 
and  the   oscillator   is  highly  degenerative  either  side  of  this 
frequency.     The  value   of  the    cathode  inductance  also  affects 
the  starting   of  oscillations.      In  case  oscillations  do  not 
start  readily,   It  may  be  necessary  to  adjust  the  grid  excitation. 
As  with  all  regenerative  orystal  oscillators,   the   Treuke  oscil- 
lator nust  be   carefully  checked  to  be  sure  that  the  oscilla- 
tions are   crystal-controlled. 

Original  Exciter  Layout 

As  originally  planned,  the  exciter  would   consist  of   a  12AT7 
dual-trlode  as  osclllator-doubler,   a  6J6  with  both  sections  In 
parallel  as  a  tripler,  and  two  368  doorknob  tubes  as  a  push- 
push  doubler.     This  arrangement  was  selected  because  no  two 
tanks  would  be   tuned  to  the  same  frequency  and  none  of  the 
stages  would  require  neutralization.      This  arrangement  also 
allowed  all  plate  tanks  to  be   single-ended, and  capacitlvely- 
loaded,   coaxial-line  resonators  could  be  used  at  the  higher 
f requencie  s . 

In  the  original  exciter  layout,   capacitlvely- loaded  co- 
axial-line resonators  were  used  for   the  plate  tanks   of  the   6J6 
tripler   and  the    368  push-push  doubler.     The  frequencies  were 
442.5  mc  and  885  mc,   respectively.      Resonators  of  this  type  were 
available   in  type  R-89-AHN-5A  surplus  radar  receivers.     These 
resonators  were  5-3/4  Inches   long.      The  radius  of  the    center  con- 
ductor was  1/8  Inch  and  the   inner  radius   of  the   outer  cylinder 
was  1/2  Inch.      The   loading  condenser  plate  was  removable  to 
allow  coarse  tuning  by  using  different   sizes  of  condenser  plates. 
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Fine  timing  was  accomplished  by  the  cap  which  screwed  onto  the 
outer  cylinder  and  varied  the  loading  capacitance.     The  high- 
impedance  input   to  the  resonator  was  provided  by  a  tap   on  the 
center  conductor.      Power  was  removed  from  the   resonator  by  a 
balanced  coupling  loop.   The  entire  resonator  was   silver-plated. 

Tank  circuits  of  this  type  have  many  advantages.  They  can 
be  used  with  conventional  type  tubes.  The  radiation  losses  are 
low  because  of  the  shielding  inherent  in  a  coaxial  structure. 
The  Q  is  high  and  the  possible  tuning  range  is  large.  They  are 
physically  small  at  400  megacycles  and  more  easily  used  mechan- 
ically than  parallel  wire  lines. 

If  appreciable   capacitance  is   introduced  at  the   end  of  the 
line,   the   resonant   frequency  is  approximately  the  resonant  fre- 
quency of  that   capacitance  and  the   inductance  of  the  shorted 
coaxial  transmission   line  formed  by  the  center  conductor  and 
the  outer  cylinder.     Experimental  data  showed  that  the  resonator 
described  was  capable  of  resonating  the  output  capacitance  of  a 
6J6  at  frequencies   as   low  as   150  megacycles  when  a  loading  con- 
denser plate  7/8  inch  In  diameter  was  used.     If  the  gap  length 
is   large  so  that  there   Is  no  appreciable   capacitive   loading,   and 
the  center  conductor   length  is  large  compared  to  the  inner  radius 
of  the  outer  cylinder,   resonance  will  occur  when  the  center  con- 
ductor is  approximately  a   quarter  wave   long.      This  is  a  frequency 
of  515  megacycles   for  the  resonators  described.      Therefore,   it 
is  possible  to  tune  the  resonator  to  442.5  megacycles  by  properly 
adjusting  the   size   of  the   loading  capacitance. 

As  the    length  of  the  center  conductor  becomes   small,   the 
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resonant   frequency  does  not  approach  Infinity,   but  approaches 
instead  the  resonant   frequency  for  the   TKo.1,0  mode  in  a  cylin- 
drical cavity.     This  limiting  value   is  the  velocity  of  light 
divided  by  2.61  times  the  Inner  radius  of  the   outer  cylinder, 
or   9000  megacycles  for   the  resonator  described.     Consequently 
it  is  possible  to  tune  the  line  to  resonance  at  885  megacycles 
by  shortening  the  center  conductor. 

Resonators  of  the    capacltively-loaded  coaxial-line  type 
were  chosen  for  the   original  exciter  layout  because  they  operate 
satisfactorily  at  the   Intermediate  frequencies.     The  intermediate 
frequencies   constitute  the  gap  between  frequencies  where   lumped 
constant  circuits  perform  well  and  frequencies  where  It  is  neces- 
sary to  use  microwave  tubes  and  tank  structures.      However,   they 
do  have  some   serious  limitations  which  will  be  discussed  later. 

The  exciter  shown  In  schematic  form  in  Plate  VII  was  con- 
structed.    The  first  difficulty  experienced  with  this  layout 
was  the  determination  of  the  resonant  frequency  of  the   coaxial 
tank  olrcuits.     Determination  of  resonance  by  watching  for  a 
dip  in  plate  current  was  practically  impossible  because  the 
resonant  peaks  were  too  sharp  and  because  the  plate  current  dip 
was   small  for  the   frequency  multiplier  stages.      Resonance  could 
be  passed  without  apparent  indication  unless   an  exceeding  amount 
of  care  was  used.     This  complication  was  due   In  part  to  the  poor 
contact  made  by  the  threads  between  the  cap  and  cylinder.     The 
most  effective  method  of  tuning  the  tanks  was  to  place  the  out- 
put of  a  variable-frequency  oscillator  across  the  Input  of  the 
tank  when  no  plate  voltage  was  applied  and  tune  the  oscillator 
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for  maximum  tank  output.     Then  by  repeatedly  changing  the  oscil- 
lator frequency  a  small  Increment  In  the  direction  of  the  de- 
sired frequency  and  tuning  the  tank  to  this   frequency,    the   tank 
was  resonated  at   approximately  the  desired  frequency.     Then   the 
oscillator  was  placed  across  the  Input  to  the   stage  and  adjusted 
for  resonance  with  the  stage  acting  as  a  straight  through  ampli- 
fier.    When  the  tank  was  again  resonant  at  the  desired  frequency, 
the  low-frequency  driving  voltage  waB  applied  and  the  tank  tuned 
for  proper   frequency  multiplication. 

The  second  disadvantage  of  the  coaxial  tanks  was  their  in- 
ability to  tune  to  high  enough  frequencies.     Since  the  tube  did 
not  form  a  part  of  the  tank,   the  leads  to  the  tank  resonated 
the  output  capacitance  of  the   tube  before  the  desired  frequency 
was  obtained.     This  occurred  in  the  6J6  tripler  at  about  350 
megacycles.     The  tripler  was  converted  to  push-pull  operation 
by  connecting  the  plateB  to  a  center-tapped  coupling  loop  added 
to  the   resonator.      This  placed  the  output   capacitances  of  the 
two  sections  of  the  6J6  In  series  instead  of  parallel.     The 
lumped  constant   tank  of  the   12AT7  doubler  was  replaced  by  a  co- 
axial resonator  to  provide  balanced  output. 

The  third  and  moat   serious  objection  to  the   layout  was  dis- 
covered during  experimentation  with  the  6J6  push-pull  tripler. 
The  circuit  oscillated.     At  first  it  appeared  to  be  a  parasitic 
oscillation  resulting  from  poor  ground  connections.     However,   this 
was  not  the   case;  the  6J6  was  operating  as   a  tuned-plate,  tuned- 
grid  oscillator.     True,  the  plate  tank  of  the   12AT7  doubler  and 
the  6J6  tripler  were  completely  shielded  by  virtue  of  being  co- 
axial  tanks,   and  they  were  tuned  to  different   frequencies.     But 
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the  output  loop  of  the   12AT7  doubler  which  was  connected  to  the 
6J6  grids  was  exciting  the   12AT7  doubler  tank  at   its  third  har- 
monic mode  by  energy  transferred  to  the   grids  through  the  inter- 
electrode  capacitances.     The  conclusion  reached  from  this  exper- 
ience was  that   coaxial  tanks   cannot  be  employed  successfully  in 
successive  stages  unless  grounded  grid  construction  le  used. 

Tne  oscillations  in  the  6J6  trlpler  could  have  been  sup- 
pressed by  using  a  lumped  constant   tank  for  the  12AT7  doubler. 
However,  the  layout  would  still  Include  the  use  of  coaxial  tanks 
for  the  6J6  trlpler  and  the   368  push-push  doubler.      A  lumped- 
constant  circuit  for   either  tank  would  be  very  Inefficient.     Con- 
sequently the  exciter  was  redesigned. 

Hew  Exciter  layout 

Three   important  parameters  were  determined  during  the  ex- 
perimentation with  the  original  exciter.      First,  above  400  mega- 
cycles  the  tube  and  resonator   should  form  an  Integral  unit.      If 
they  do  not,  resonance   of  the    leads  between  the  tube  and  tank 
with  the   interelectrode  capacitances  will  nullify  effects  of  the 
tank.      Second,    careful  shielding  of  each  tank  circuit  Is  essen- 
tial.     This  will  eliminate  the  tendency  for  oscillation  of  the 
stages  due  to  the  multiple  modes  which  exist  In  distributed  con- 
stant resonators.      Satisfactory  shielding  at  ultra-high   frequen- 
cies can  be  obtained  only  in  grounded-grid   circuits.      Third,   it 
is   exceedingly  difficult   to  obtain  a  tank  which  provides  adequate 
shunt   Impedance  and  operates  in  the  fundamental  mode  with  avail- 
able tubes   in  the  900-megaoyole  region  without  resorting  to  cavity 
resonators. 
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The  experimental  Treuke   oscillator  performed  satisfactorily 
and  remained  unchanged  In  the  new  exciter  layout.     The  coaxial 
tank  In  the  12AT7  doubler  was  replaced  by  a  lumped-constant 
circuit.     The  6J6  was  changed  to  a  push-push  doubler  employing 
a  capacitlvely-loaded,   coaxial-line  plate  tank.     However,   the 
coaxial  line  employed  is  slightly  different  from  those  dis- 
cussed previously.     Also  available  in  the  type  R-89-ARN-6A  re- 
ceiver are    coaxial  resonators  which  have  the  same  radii  aa 
those  described  but  are  only  3-5/8  inches  long.     These  reson- 
ators are  equipped  with  two  taps  on  the   center  conductor.     A 
resonator  of  this  type  was  preferred  because  It  provided  unbal- 
anced output  for  driving  the  succeeding  stage.     The  next  stage 
had  to  be  a  trlpler  with  Its  plate  tank  operating  at  886  mega- 
cycles . 

Lighthouse  tubes  were  chosen  for  the  trlpler  and  the  driver 
because  they  are  the   only  readily  available  tubes  which    can  be 
used  aa  an   Integral  part  of  the  tank  and  still  operate  grounded 
grid. 

Two  types  of  tank  circuits  were  considered  for  these  ultra- 
high-frequency  stages.      They  were  shorted  sections   of  coaxial 
line  and  shorted  sections  of  flat-element  transmission  line. 
Some  experimental  work  has  been  done  at  the  KIT  Radiation  Labo- 
ratory with  lighthouse  tube   amplifiers   employing  coaxial  line 
tanks.        The  results   obtained  with  amplifiers   of  this  type  were 


*  Donald  R.    Hamilton,    Julian  K.   Knlpp,   and  J.   B.   liorner 
Kuper,   Klystrons  and  Ml crowave  Tr lodes    (New  York:   KcOraw-Hi 11 ) , 
1948,   p.    163. 
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satisfactory.  However,  they  are  difficult  to  construct  because 
of  the  sliding  contacts  necessary  for  tuning.  The  use  of  flat- 
element  transmission  lines  for  the  tank  circuits  offered  a  much 
simpler  and  less  costly  solution.  A  citizen's  band  transmitter 
designed  by  Koch  has  used  flat-element  transmission  lines  to  an 
advantage.  Another  advantage  of  flat-element  transmission 

lines   Is  that   the   characteristic  impedance  can  be  adjusted  in- 
stead of  being  fixed  by  the  tube  dimensions   as  is  the  case  for 
coaxial  lines.      The  full  significance  of  this  advantage  waB  not 
realized  until  after  the  tank  circuit  design  calculations  were 
made,      A  shorted  transmission  line  with  a  characteristic   imped- 
ance of  75  ohms   will  be  2.07  inches   long  for  resonance  in  the 
first   quarter  wove  mode  with   the   output   capacitence   of  a  2C40  at 
885  megacycles.      The  author  thought  that  the  ability  to  alter 
the  characteristic  impedance  of  the  flat-element  transmission 
line  by  adjusting  the  width  and  spacing  of  the  elements  allowed 
the  length  to  be  varied.      This  Is  true;  however,   at  the  same 
time,   control  of  the   unloaded  shunt  impedance  of  the  tank  la 
provided. 

A  plate  tank  for   the  2C40  trlpler  composed  of  a  shorted 
section  of   flat-element  transmission  line  made  from  elements 
2  inches  wide  and  spaced  3/16  inch  apart  was  first  considered. 
The  characteristic   impedance  of  this   line  was  35.35   ohms.      The 
characteristic   Impedance  waB  purposely  made  low  to  make  the   line 
physically  long.     The  line  length  required  for  resonance  at  885 


1  Arthur  H.   Koch,    "Citizen's  Band  Transmitter,"   Electronics. 
22 i 118,   December,    1949. 
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megacycles  was  2.68  Inches.      In  order  to  place  a  tuning  con- 
denser In  the  open  end  of  the  line  It  was  necessary  to  tap  the 
tube  down  on  the   line.     The  unloaded  shunt  impedance  of  this 
line  at  a  point  1  1/2  Inches  from  the  open  end  was  27,000  ohms 
and  the  required  loaded  tank  Impedance  for  the  tripler  was 
24,200  ohms.      The   shunt   Impedance  of  the   tank  was  much  too  low 
for   good   class  C   operation  of  the  tripler. 

Next  the  width  and  spacing  of  the   elements  were  doubled. 
This  did  not  change  the  characteristic  Impedance  of  the   line  nor 
the  length  required  for  resonance.     However,  the  unloaded  shunt 
impedance  was  doubled  because   the  attenuation  is  inversely  pro- 
portional to  the  spacing.     The  unloaded  impedance  of  55,400 
ohms  gave  a  tank  efficiency  of  56  per  cent.     However,   the  major 
objection  to  this  arrangement  was  the  tank  width  in  comparison 
to  its  length.     Y/lth  the  tube  located  only  slightly  over  an 
inch  from  the   short  and  the  line  4  inches  wide,   the  currents 
will  not  b  e   flowing  in  straight  parallel  lines  on  the  conductors. 
The  departure  from  the  conditions  under  which  the  design  equa- 
tions  used  were  derived  was  so  great  that  the  tank   could  not  be 
expected   to  behave  as   calculated. 

The  tank  width  could  have  been  reduced  to  3  inches,  but 
this  would  have  raised  the  characteristic  impedance  and  short- 
ened the   tank.      Instead,   the  tank  width  was  increased  to   6 
inches.     Then  the  tank  was  cut  in  half  lengthwise  and  placed  on 
each  side  of  the  tube.     For  design  purposes  the  line  was  still 
effectively  6  inches  wide.     This  gave  a  plate  tank  with  both 
ends  shorted  and  the  tube  placed  at  the  center  of  the  line.     The 
tuning   condensers  were  placed  beside   the  tube  and   the   objection- 
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able  necessity  of  tapping  the  tube  down  on  the   line  eliminated. 
This  procedure  increased  the  distance  between  the  tube  and  the 
short  and  placed  the  tuning  condensers  in  a  position  to  assist 
in  making  the  currents  flow  in  parallel  lines  along  the  line. 
A  2C40  lighthouse  tripler  feeding  a  2C40  power  amplifier 
with  both  stages  employing  shorted  flat-element  transmission 
lines   for   tank   circuits  were   chosen  to  complete  the  exciter. 

Exciter  Design  Summary 

The  new  exciter  layout  discussed  above  removed  the   objection- 
able features  of  the   original  exciter.     The  design  calculations 
for  the  new  exciter  are  given  In  the  Appendix.       The  circuit 
diagram  for  the  exciter  Is  shown  In  Plate  VIII.     A  summary  of 
the  power  output  and  driving  power  required  by  the  various  stages 
of  the   exciter  is  given  In  Table  1. 

Table  1.     Exciter  summary   (design  values). 

Driving  power  I     Design  power 

required :  output 

Crystal  oscillator  at  73.75  me  0.276  watt 

0.088  watt       12AT7  doubler  to  147.5  mc  0.314 

.136  6J6  push-push  doubler  to  295  mc  1.29 

.862  2C40  tripler   to  885  mc  1.50 

.596  2C40  power  amplifier  at  885  mc  4.28 

2.67 2C43  push-pull  final  amplifier 18.3 

Both  2C40  lighthouse  stages  were  designed  to  employ  shorted 
flat-element  transmission  lines   for   tanks.     The  tanks  are   tuned 
by  variable  loading  condensers.     The  cathode  line  for  the  2C40 
tripler  is   composed  of  elements   2  inches  wide  spaced  3/8  inch 


For  exciter  design  calculations,   see  Appendix  page  93 
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apart.   A  spacing  of  3/8  inch  was  chosen  because  the  space  be- 
tween terminals  of  the  2C40  is  3/8  inch.   The  line  is  8.05 
Inches  long  and  the  tube  is  tapped  down  2  inches  from  the  open 
end.  The  variable  tuning  condenser  is  plaoed  in  the  open  end 
of  the  line.  The  plate  tanks  of  the  tripler  and  power  amplifier 
are  Identical.   They  are  made  of  elements  3  inches  wide  spaced 
3/8  inch  apart  with  both  ends  shorted  and  the  tube  placed  at  the 
center.   A  line  width  of  3  inches  was  chosen  so  that  the  tuning 
condensers  could  be  placed  beside  the  tube  and  not  be  so  close 
to  the  glass  seals  of  the  tube  that  excessive  dielectric  losses 
would  occur  In  the  glass.  The  effective  characteristic  imped- 
ance of  the  plate  line  is  23.6  ohms  and  the  tube  is  2.79  inches 
from  the  short..   The  total  length  of  the  plate  tanks  is  5.58 
inches.   The  unloaded  shunt  reel  stance  of  the  tank  is  1.24  x  105 
ohms.  The  cathode  line  for  the  power  amplifier  is  made  from 
elements  3  inches  wide  and  spaced  3/8  inch  apart.   It  is  con- 
structed and  tuned  In  the  same  manner  as  the  plate  tanks.   The 
total  length  of  the  cathode  tank  is  5.18  Inches.   Plates  IX  and 
X  show  the  mechanical  tank  construction  of  the  two  lighthouse 
stages  in  the  exciter. 

Connections  to  the  tanks  are  to  be  made  with  clips  which 
can  be  moved  along  the  line  to  obtain  the  desired  coupling.   The 
plate  tanks  of  both  lighthouse  stages  are  silver-plated.  In 
this  design  grounded  grid  construction  is  used  and  grid-leak 
biasing  Is  employed.   The  stages  must  be  completely  enclosed  in 
shields.   Care  should  be  exercised  to  make  certain  that  the 
shields  are  not  resonant  cavities  at  the  tank  frequencies. 
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POWER  SOi-PLY 

The  power  supply  was  designed  to  operate  the  whole  trans- 
mitter. This  eliminated  as  many  sources  of  trouble  as  possible 
during  operation  of  the  transmitter.  The  size  of  the  power 
supply  was  fixed  by  the  requirements  of  the  rest  of  the  trans- 
mitter.  These  requirements  are  listed  in  Table  2. 

Table  2.   Power  supply  requirements. 


Transmitter  element 

Direct  current  required 

Final  amplifier 

35.6  ma 

Kodulator 

Plate 

180  ma 

Screen 

20 

200 

Dropping  power  supply 

85 

Exciter 

1  12AT7  oc  dilator 

6.5 

i  12AT7  doubler 

7.2 

6J6  push-push  doubler 

17 

2C40  tripler 

11 

2C40  power  amplifier   (885  mc) 

18.7 

60.4 

Video  amplifiers 

90 

Total  current  required 

471       ma 

To  fulfill  the  power  requiraments  of  the  various  stages  of  the 
transmitter,  the  power  supply  must  have  the  d-c  voltage  and 
current  outputs  listed  in  Table  3. 

Table  3.   Power  supply  output. 


215.6  ma  at  830  volts 


225          "      "   350        " 

regulated 

17          "      n   150       " 

n 

14          "      "   105        " 

it 

8       ma   for   VK  150 

8          "      "     VR  105 

10         "     "     bleeder 

407.6  Total 

B2 

The  current  requirements   listed  above  determined  the   current 
capacity  of  the  power  transformer,   the  chokes,   and  the  rectifier 
tubes  required.     The  effective  d-c  secondary  voltage  of  the  power 
transformer  must  be  930  volts. 

The  power  supply  was  a  conventional  full-wave  rectifier  with 
choke  Input  filter.     The  830-volt  unregulated  output  was  taken 
directly  from  the  bleeder.      The  350-volt  regulated  output  was 
obtained  with  a   series  pass-tube  regulator.     The  105-volt  and 
150-volt  outputs  were   obtained  by  placing  resistors  In  series 
with  voltage   regulator  tubes.     The  circuit  diagram  of  tiie  power 
supply  Is  given  in  Plate  XI. 

ANTENNA 

Requirements 

To  be  satisfactory  for  television  usage  an  antenna  must  be 
broad  band.  This  Is  essential  to  reduce  the  changes  In  Input 
Impedance  of  the  antenna  with  frequency.   If  the  Input  Impedance 
la  not  constant  over  the  range  of  frequencies  transmitted,  ex- 
cessive standing  waves  on  the  transmission  line  feeding  the 
antenna  will  result.   In  television  systems, standing  waves  In 
the  transmission  lines  will  cause  ghost  Images  to  appear  on  the 
receiving  screen  and  detract  from  the  picture  quality.  There- 
fore, the  first  requirement  of  the  antenna  was  that  It  have  a 
broad  band  characteristic. 

The  second  requirement  of  the  antenna  was  that  It  match  a 
coaxial  transmission  line  without  the  use  of  Impedance  transforma- 
tion.  This  was  desirable  because  any  tuned  Impedance  transformer 
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such  as  a  shorted  quarter-wave  section  of  transmission  line 
would  be  a  narrow  band  transformer  and  nullify  the  broad  band 
characteristic  of  the  antenna. 

The  third  requirement  was  that  the  antenna  have  a  nearly 
ciroular  horizontal  radiation  pattern. 

The  fourth  requirement  was  that  the  gain  be  as  high  as  pos- 
sible and  still  be  consistent  with  the  first  three  requirements. 

Development 

Since  a  wavelength  ia  only  slightly  over  a  foot  at  885  mega- 
cycles, a  long  antenna  could  be  constructed  without  resulting 
in  excessive  physical  size.   A  nonresonant  antenna  was  especially 
desirable  because  it  is  broad  band  and  also  has  high  gain. 

The  biconlcal  horn  discussed  by  Barrow,  Chu,  and  Jansen 
fulfilled  the  requirements  listed  very  satisfactorily.  However, 
such  an  antenna  constructed  of  sheet  metal  required  some  physi- 
cal modification.  Namely,  the  wind  resistance  had  to  be  reduced, 
the  antenna  support  simplified,  and  the  roof  eliminated. 

As  an  approach  to  these  problems  an  explanation  for  the 
evolution  of  the  biconlcal  antenna  from  a  simpler  type  was 
searched  for.  Actually,  the  biconlcal  horn  is  the  horn  resulting 
from  the  revolution  of  an  ordinary  flared  rectangular  horn  about 
the  apex  of  the  pyramidal  section.   The  biconlcal  antenna  may 
also  be  considered  as  a  special  shape  of  wave  guide  or  as  a 


1  W.  L.  Barrow,  L.  J.  Chu,  and  J.  J.  Jansen,  "niconlcal 
Electromagnetic  Horns,"  Proceedings  of  the  I.  R.  E.,  27:769, 
December,  1939. 
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tapered  coaxial  line  section.  A  discussion  of  the  evolution  of 
antennas  of  this  type  from  tapered  coaxial  line  sections  has 
been  given  by  Joseph  M.  Boyer.    However,  none  of  these  develop- 
ments was  applicable  to  the  problem  of  simplifying  the  structure 
without  materially  altering  the  characteristics  of  the  antenna. 
Consequently,  a  new  approach  was  taken.   It  seemed  that  a  blcon- 
lcal  horn  was  essentially  an  infinite  number  of  "V"  antennas  in 
parallel.  If  this  were  true,  then  an  array  of  four  "v"  antennas 
in  quadrature  should  produce  a  radiation  pattern  approximating 
that  of  a  bl conical  horn. 

A  model  antenna  with  elements  3  wavelengths  long  at  2400 
megacycles  was  constructed  and  itB  radiation  patterns  plotted. 
The  horizontal  radiation  pattern  was  a  four-leafed  rose.  Next 
the  number  of  elements  per  cone  was  increased  to  ei#it.  This 
improved  the  horizontal  radiation  pattern,  but  there  were  still 
pronounced  maximums  off  the  end  of  each  "V".  However,  the 
antenna  was  beginning  to  behave  like  a  bi conical  horn.   In  par- 
ticular, It  was  noted  that  the  spacing  between  the  apexes  of 
the  cones  affected  the  excitation.  This  effect  was  also  observed 
by  Barrow,  Chu,  and  Janeen  during  experimentation  with  their  bl- 
conical  horn.  The  spacing  influences  the  impedance  of  the  excit- 
ing rod  and  thereby  the  energy  transfer  from  the  coxlal  line  to 
the  horn.   In  addition,  the  spacing  influences  directly  the  type 
of  wave  that  may  be  excited.   In  general,  higher  order  waves  are 
easier  to  excite  with  greater  separations  of  the  cones.  The 
vertical  radiation  pattern  for  the  model  antenna  showed  that  a 


1  Joseph  «.  Boyer,  "Discone — 40  to  500  Kc  Skywire,"  Cg, 
5:11,  July,  1949. 
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narrow  beam  was  being  radiated  between  the  two  cones,  but  con- 
siderable radiation  in  the  vertical  direction  was  also  occurring. 

The  radiation  along  the  vertical  axis  was  approximately 
equal  to  the  maximum  horizontal  radiation.  The  minor  lobes  from 
the  individual  "V"  antennas  were  adding  in  phase  to  produce  a 
major  lobe.   The  primary  difference  between  the  model  antenna 
composed  of  8-eleraent  cones  and  a  biconical  horn  was  that  the 
solid  conducting  plane  of  the  cones  in  a  biconical  horn  prevented 
all  vertical  radiation.  As  a  result  of  this  analysis,  it  was 
apparent  that  the  biconical  horn  could  be  approximated  by  paral- 
lel "V's"  only  if  sufficient  number  of  them  were  used  so  that 
the  cones  appeared  to  be  solid  conducting  sheets  near  their  apexes. 

The  number  of  elements  in  the  cones  of  the  model  antenna 
was  increased  to  16.   Previous  to  this  time  the  angle  between 
the  elements  of  each  "V"  had  been  60  degrees,  which  is  the  opti- 
mum angle  for  a  "V"  antenna  3  wavelengths  long.   However,  when 
the  model  antenna  composed  of  16-element  cones  was  excited,  it 
was  necessary  to  decrease  the  angle  to  40  degrees  to  bring  the 
lobes  together.  The  horizontal  radiation  pattern  of  this  an- 
tenna was  satisfactory  but  there  was  still  appreciable  vertical 
radiation.  Another  model  with  rod  elements  spaced  radially 
every  ten  degrees  was  constructed.  This  model  appeared  to  have 
the  desired  characteristics.  To  have  a  standard  of  comparison 
a  biconical  horn  with  the  same  dimensions  was  constructed  of 
l/2-lnch  mesh  screen.   The  model  antenna  with  36  elements  per 
cone  compared  very  favorably  with  the  biconical  horn  made  of 
screen.  The  Improvement  resulting  from  a  further  increase  in 


58 

the  number  of  elements  is  small.  Consequently  it  is  possible  to 
approximate  a  biconical  horn  made  from  conducting  sheets  by  a 
blconlcal  horn  constructed  of  rod  elements  spaced  every  ten  de- 
grees radially.   Construction  in  this  manner  reduces  the  wind 
resistance  and  eliminates  the  necessity  of  constructing  a  roof 
over  the  antenna. 

Design 

The  design  of  the  antenna  followed  the  principles  estab- 
lished by  Barrow,  Chu,  and  Jansen.   The  radiation  pattern  of  a 
biconical  horn  is  governed  by  the  same  parameters  as  the  more 
common  flared  rectangular  and  circular  horns.  The  gain  is  higher 
the  longer  the  elements  of  the  cone,  and  for  each  element  length 
there  is  an  optimum  flar3  angle.   The  length  of  the  cone  ele- 
ments was  chosen  as  3  feet  for  physical  reasons.   This  gives  an 
antenna  that  is  approximately  6  feet  in  diameter  and  about  as 
large  as  can  be  supported  by  a  single  pole.   Elements  of  this 
length  also  cut  economically  from  commercially  available  rod 
lengths  of  12  feet.   The  cone  elements  are  approximately  3  wave- 
lengths long  at  885  megacycles.   For  a  length  of  3  wavelengths 
the  optimum  flare  angle  is  40  degrees  and  the  gain  is  approxi- 
mately 15  decibels. 

A  biconical  horn  of  this  type  may  be  excited  with  either 
TEK  or  TE0  i  waves.   TEM  waves  are  fundamental  to  the  horn  and 
are  the  easier  to  excite.  TEH  waves  produce  vertical  polariza- 
tion while  TE0  i   produce  horizontal  polarization.  TE0  j  excita- 
tion may  be  produced  by  a  number  of  dipole  antennas  bent  into  a 
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circle  and  disposed  about  the  center  In  the  equatorial  plane. 
The  balanced  wire  feed  prevents  the  excitation  of  TM  waves. 
TEM  excitation  was  chosen  and  Is  to  be  accomplished  by  connect- 
ing the  upper  cone  to  the  center  conductor  of  the  coaxial  line 
feeding  the  antenna.  The  outer  conductor  will  be  connected  to 
the  lower  cone.  The  spacing  between  the  conical  sections  should 
be  small  to  increase  the  attenuation  of  the  higher  order  modes. 

Physical  Details 

Aluminum  was    chosen  for   the   antenna  In  preference  to  brass 
because   it  is  cheaper  and  reduces  the  weight  of  the  antenna.     In 
the  design  the  elements  of  the   cones  are  l/4-lnch  solid  aluminum 
rods.     They  will  screw  into  an  aluminum  hub  8  inches  In  diameter 
made  from  one-inch  plate.     The  outer  ends  of  the  rods  will  also 
be  threaded  and  locked  by  nuts  into  the   5/8-inch  aluminum  band 
that  encloses  the  outer  circumference  of  the  conical  section. 
The  rods  are  spaced  10  degrees  radially  and  are  6-1/4  Inches 
apart  at  their  outer  ends.     Both  conical  sections  are  Identical. 
The  two  hubs  are  to  be  separated  by  a  polystyrene  block  5  inches 
in  diameter.     This  block  is  2  inches  high  and  sets  into  a  hole 
1/2  Inch  deep  milled  into  each  hub.     The  polystyrene  block   serves 
as  insulation  between  the  two  cones  and  also  keeps  the  cones 
centered  over  each  other.     The  center  oonductor  of  the  coaxial 
line  will  extend  through  the  center  of  this  block.     The  upper 
conical  section  is  to  be  attached  to  the  lower  section  by  paraf- 
finated  wooden  strips  connecting  their  outer  rims. 


EXPLANATION  OF  PIATE  XII 


Pig.  11.  Assembled  biconical  horn.  The  parafflnated 
wooden  braces  between  the  outer  rims  of  the 
conical  sections  are  omitted  for  clarity. 


Fig.  12.  Antenna  hub  assembly. 
Pig.  13.  Antenna  hub  detail. 
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PLATE     XI 


FIG.    II 


POLYSTYRENE       BLOCK 


COAXIAL      FEED       THROUGH        CONNECTOR 


FIG.    12 
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OTHER      HUB    -51      DRILL 

S      "* 
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THE   TWO    HUBS 
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FIG.   13 
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CONCLUSIONS 

During  the  preparation  of  this  thesis  it  was  noted  that 
the  effects  of  the  unloaded  shunt  impedance  of  the  plate  tank 
circuit  upon  the  operation  of  a  very-high-frequency  class  C 
stage  has  been  neglected  in  most  of  the  published  literature. 
Instead  the  emphasis  has  been  placed  upon  the  Q  of  the  tank 
circuits.  This  condition  has  probably  developed  because  most 
authors  have  discussed  lumped  constant  tank  circuits  In  terms 
of  their  Q's.  Once  the  convention  was  established,  the  tendency 
has  been  to  continue  to  use  this  parameter  In  the  discussion  of 
ultra-high-frequency  tank  circuits.   The  Q  of  the  tank  coll  and 
the  unloaded  shunt  Impedance  of  the  tank  circuit  are  directly 
related  for  lumped  constant  circuits.  However,  the  bandwidth 
Q  of  a  distributed  constant  tank  circuit  Is  not  related  to  Its 
shunt  impedance. 

The  difference  In  the  way  these  parameters  vary  may  be 
shown  by  citing  an  example.   The  Q  of  an  antiresonant  section 
of  transmission  line  Is  (2imf0Z0)/(Rc),  and  the  input  Impedance 
of  the  section  of  transmission  line  Is  (8  Z02f0)/(nRc).   Two 
important  differences  In  these  equations  can  be  noted.  The  In- 
put Impedance  Is  directly  proportional  to  the  square  of  the 
characteristic  Impedance  of  the  line,  while  the  Q  varies  only 
as  the  first  power  of  the  characteristic  Impedance.   Therefore 
a  resonant  line  tank  designed  for  maximum  Q  will  not  have  as 
large  a  shunt  Impedance  as  a  tank  designed  for  maximum  shunt 
Impedance.   The  second  Important  difference  is  the  effect  of 
making  the  resonant  section  of  transmission  line  more  than  a 
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quarter  wavelength  long.   If  the  resonant  tank  is  a  shorted 
three-quarter  wavelength  line,  it  will  have  a  Q  3  times  as  large 
as  that  for  a  similar  tank  resonant  at  the  same  frequency  but 
only  a  quarter  wavelength  long.  However,  the  effect  on  tiie  in- 
put impedance  of  the  tank  is  the  opposite.   Consequently,  de- 
signing a  distributed  constant  tank  circuit  for  maximum  Q  does 
not  insure  a  high  input  impedance. 

The  band  width  Q  of  distributed  constant  circuits  is  gen- 
erally high  and  sufficient  selectivity  is  obtained  in  the  general 
case  without  special  precaution.  Unless  the  frequency  stability 
of  the  circuit  is  sufficiently  important  to  warrant  some  sacri- 
fice in  operating  efficiency,  distributed  tank  circuits  should 
be  designed  with  regard  to  their  shunt  Impedance.  This  is  the 
most  useful  characteristic  of  the  resonator.   It  is  the  factor 
which  tells  the  amount  of  input  power  that  must  be  supplied  to 
the  resonator  to  maintain  a  given  voltage  across  the  resonator 
input.   Since  the  desired  voltage  across  the  resonator  Is  deter- 
mined by  the  class  C  design  calculations  for  the  stage,  the  shunt 
impedance  of  the  resonator  offers  a  method  of  evaluating  the 
power  loss  in  the  resonator. 

The  effects  of  a  resonator  which  has  a  known  shunt  imped- 
ance upon  a  class  C  stage  may  be  calculated  in  two  ways.   The 
actual  power  loss  may  be  determined  from 

Average  power  loss  =  VoltageVR8nunt; 
The  voltage  is  the  effective  tank  voltage  from  the  class  C  de- 
sign. This  power  loss  may  then  be  subtracted  from  the  plate 
power  output  of  the  tube  to  give  the  net  power  output.   Another 


64 


procedure  for  the  evaluation  of  the  effects  of  the  resonator 
upon  the  class  C  stage  is  to  calculate  the  tank  circuit  effi- 
ciency.    The  tank  efficiency  In  terms  of  shunt  Impedances  la 
Rehunt  "  Rloaded 
Rshunt 
where  Rshunt     =  unloaded  shunt  tank  Impedance 

"loaded  =  required  tank  impedance   from  class  C   desiji. 
This  equation  shows  the  importance  of  a  hi~h  unloaded  shunt  re- 
sistance of  the   tank  circuit  of  a  class  C  stage. 

The  tank  efficiency  may  also  be  expressed  by  the   general 
equation  of  output  over  input.     The  tank  circuit  input  is  the 
power  output  of  the  tube,   or    (Ebb  -  '&min)I&c/2 »  and  the  loaded 
tank  impedance  from  class  C  design  Is    (Ebt)  -  Emir^Aac     If  the 
two  equations  for  efficiency  are  equated  and  substitution  made 
for  the  input  and  loaded  tank  impedance,   the  following  equation 
results. 

(Ebb  "  EminJlac        (Ebb  -  Emin)2 

Output  = 

2  2  Rshunt 

At  very  high  frequencies     the  unloaded  shunt  resistance  that  can 
be  obtained  from  lumped-constant  circuits  Is  fixed  by  the  maxi- 
mum uLft  obtainable.     The  'inductive  reactance  Is   limited  by  the 
lrtterelectrode  capacitance  of  the   tube  and  the  Q  by  physically 
realizable   coils.      For  ultra  high  frequencies  the  unloaded  shunt 
tank  impedance  is   fixed  once   a  given  resonator  is   chosen. 

lac  and  Emin  were  fixed  during  the  class  C  design.     As  long 
as  the  peak  catrode  emission  and  the  angle  of  plate  current  flow 
remain  constant,  which  will  occur  If  Emln  remains  constant  and 
the  necessary  corrections  are  made  in  the  grid  bias,   changes  In 
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Ebb  will  not  alter  Iac.      Then  Kbb  is   an  independent  variable  in 
the  equation  for  the   tank  output  and  may  be  changed  without  pro- 
ducing a  change  in  the  other   terms   on  the  right-hand   side   of 
the  equation. 

By  differentiating  the  output  with  respect   to  Kbb  and   set- 
ting  the  result  equal  to  zero,    a  value   of  Ebb  may  be  found  which 
will  produce  maximum  output  for   the  given  circuit.      The   result  is 

R«hunt  *ac 

Ebb  "  ^n  + 

2 

If  this  result  is  substituted  back  into   the   original   equations 

and  the  efficiency  determined,   it  will  be  found  to  be  50  per   cent, 

which  is   to  be  expected  because  this  will  be   the  condition  for 

maximum  power  transfer. 

At  high  frequencies  Rshunt  f°r  *  *«H  designed  tank  circuit 
is  so  large  that  Kbb  ls  limited  by  the  tube  rating  before  the 
above   equality  can  be  obtained.      However,    as  the  frequency  in- 
creases,   the   obtainable  shunt  tank  resistance   from  lumped-con- 
stant circuits  decreases  and   it  may  become  advisable   to  reduce 
Ebb  in  order  to  fulfill  the  equation. 

For   an   example,    consider  a  6J6   dual- tri  ode  operating  as  a 
class  C  oscillator  with  the  sections  in  push-pull.     For  a  peak 
cathode  emission  of  75  milliamperes  per  section,   E^n  of  25  volts, 
and  Emax  of  8  voits,    the   peak  value   of  the   fundamental   oomponent 
of  plate   current  is  25  milliamperes.      First,    typical  operation 
of  the  oscillator   at  150  megacycles  with  a  plate- supply  voltage 
of  250  volts   is  considered.      (Ebb  -  Emin'Aac  =  9.000  ohms,    but 
this  is  the  required  loaded  shunt  tank  impedance   for  only  one 
section.      The  total  loaded   shunt  tank  impedance  required  ia 
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4  x  9,000  =  36,000  ohms  for  push-pull  operation.     Assuming  an 
effective  Q  of  10  for  the   tank  circuit,   uL  Is   3,600  ohms.     A 
capacitance  of  0.295  micromlcrofarad  1b  necessary  to  resonate 
this  Inductive  reactance  at  150  megacycles.     However,   the  capaci- 
tance cannot  be  reduced  to  this  value  because  the  plate-to- 
cathode   capacitances  of  the  two  sections  In  series  Is  0.25  micro- 
microfarad     and  In  addition  to  this  will  be  the   stray  wiring 
capacitance  and  the  distributed  capacitance  of  the   coll  appear- 
ing across  the  tank.     For  this  example  the  total  capacitance 
across  the  plate  tank  will  bo  assumed  to  be  1.2  mlcromlcrofarads. 
Then  the  capacltlve  reactance  of  the  tank  la  895  ohms  at  150 
megacycles.     uL  Is  now  895  ohms  and  the  effective  Q,  of  the  tank 
must  be  Increased  to  40.2  to  provide  sufficient  loaded  tank  Im- 
pedance for  class   C  design   conditions.     The  unloaded  Q  of  the 
tank  circuit  Is  approximately  125  at  150  megacycles.     Therefore 
the  unloaded  shunt  tank  Impedance  is  uIA  =  112,000  ohms  and  the 

tank  circuit  efficiency  68  par  cent.     The  power  delSvered  to  the 

(Ebb  _  Emin)Iao 

tank  circuit  is  =  2.69  watts  per  section.  The 

2 
total  power  Input  to  the  tank  for  push-pull  is  5,38  watts  and 

the  power  output  3.66  watts.   After  subtracting  the  driving 
power  for  the  oscillator  the  net  power  output  will  be  above  3 
watts.  The  RCA  tube  manual  gives  3.5  watts  power  output  as 
typical  power  output  for  a  6J6.   This  portion  of  the  example  has 
illustrated  the  Importance  of  considering  the  unloaded  shunt  im- 
pedance of  the  tank  circuit. 

The  6JG  oscillator  frequency  is  now  increased  to  250  mega- 
cycles.  Since  the  frequency  does  not  enter  Into  the  class  C  de- 
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sign  calculations,    the  peak  value  of  the  fundamental  component 
of  the  plate  current  given  In  fee  preceding  example  will  be  un- 
changed.    For  a  capacitance  of  1.2  micromicrofarads  across  the 
tank   the  capaoitive  reactance  at  250  megacycles  is  532   ohms. 
Assuming  an  unloaded  Q  of  75  for  the  tank  circuit,    the  unloaded 
shunt  tank  impedance  is  wLQ  ■  40,000  ohms.      This  tank  impedance 
reduced  for  one   section  is  10,000  ohms. 

Rshunt  lac 

^bb  "  ^min  + ■  150  volts 

2 

Consequently  at  250  megacycles,    it  is  necessary  to  reduce  the 
plate-supply  voltage  from  the    250   volts  used  at  150  megacycles 
to  150  volts  if  the  maximum  output  is  to  be   obtained.      The  power 
delivered  to  the  tank  circuit  is   (iiDD  -  l%iin)Iac/2  -  1.56  watts 
per   section,    or  3.12  watts  total.     When  KDD  fulfills   the  equality 
above   the  tank  circuit,    efficiency  is  50  per   cent;    consequently 
the  power  output   of  the  tank  is  1.56  watts.      For  a  plate-supply 
voltage  of  150  volts  the  grid  driving  power  is  approximately 
0.35  watt.      Then  the  net  power   output  of  the   oscillator  at  250 
megacycles  is   1.2  watts.      This  exceeds   slightly  the  rated  output 
of  1  watt  for  a  6J6  push-pull  oscillator  at  250  megacycles.      How- 
ever,   the   example  has   illustrated  the  necessity  of  reducing   the 
plate-supply  voltage  to  obtain  maximum  output  when  using   lumped- 
constant  circuits   at   the  higher  frequencies. 

In  general,   the  unloaded   shunt  impedances  obtainable  by  dis- 
tributed constant  circuits  Is   sufficiently  high  that   the  tank 
efficiency  is  above  50  per  cent  and  it  is  not  necessary  to  reduce 
the  plate  voltage  because  of  low  tank  Impedance.      Of  course,    the 
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more  commonly  given  reasons  for  reduction  In  plate  voltages  still 
apply;  I.e.,  transit  time,  etc.   However,  It  may  be  necessary  to 
operate  frequency  multiplier  stages  at  reduced  voltages  because 
of  the  large  loaded  shunt  Impedance  such  stages  require.  Note 
should  be  taken  of  the  fact  that  a  tube  operating  single  ended 
requires  only  one -fourth  the  loaded  shunt  tank  Impedance  of  two 
tubes  operating  under  the  same  conditions  In  push-pull.   Also 
a  push-push  doubler  requires  only  one-half  the  shunt  Impedance 
that  one  section  operating  as  a  doubler  would  require.  However, 
both  sections  operating  in  parallel  as  a  doubler  would  require 
the  same  shunt  impedance  as  the  two  sections  operating  pi>ah-push. 
In  general,  it  may  be  said  that  tubes  having  large  current  capac- 
ities in  comparison  to  their  voltage  ratings  require  lower  loaded 
shunt  tank  impedances. 

The  fact  that  the  tank  efficiency  with  distributed  constants 
is  usually  above  50  per  cent  does  not  detract  from  the  importance 
of  designing  the  tank  for  high  shunt  impedance.  Designing  short- 
ed sections  of  transmission  lines  for  maximum  Input  impedance, 
i.e.,  establishing  b/a  ratios  of  8.0  for  parallel  wire  lines  and 
9.2  for  coaxial  lines, is  not  the  only  avenue  open  to  the  designer. 
The  attenuation  may  also  be  reduced  by  increasing  the  size  of 
the  line  conductors.   It  should  be  pointed  out  that  maximum  Q. 
for  sections  of  transmission  lines  occurs  for  a  b/a  ratio  of  3.6 
for  coaxial  lines  and  4.0  for  parallel  wire  lines.  These  are  the 
conditions  for  minimum  attenuation  and  are  just  one-half  of  the 
optimum  ratios  from  the  standpoint  of  input  impedance.   The  in- 
put impedance  of  sections  of  transmission  lines  is  approximately 
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proportional  to  the  size  of  the  conductors  if  the  b/a  ratio  is 
held  constant.  Consequently,  it  is  possible  to  adjust  the  in- 
put impedance  of  a  shorted  line  by  properly  choosing  the  ele- 
ments that  compose  the  line  section. 

SUMKARY 

The  885-megacycle  television  transmitter  was  designed  to 
employ  two  2C43  lighthouse  tubes  In  push-pull  in  the  final  ampli- 
fier.    The  peak  power   output   from  design  calculations  is   18.3 
watts.     The  tank  circuits  are  shorted  three-quarter  wavelength 
parallel  conductor  transmission  lines.     Grounded  grid  construc- 
tion is  used.     The  final  amplifier  Is  to  be  plate  modulated. 
Resistance   coupling  of  the  modulator  to  the  final  amplifier  was 
used  in  the  design  to  provide  a  modulator  band  pass  of  5  mega- 
cycles. 

A     crystal-controlled  oscillator  at   a  frequency  of  73.75 
megacycles  was  Incorporated  into  the  exciter  design.     The  second 
seotion  of  the  12AT7  dual-triode   serves  as  a  doubler  to   147.5 
megacycles.     Lumped- const  ant  tank   circuits  were  used  for  the 
osclllator-doubler  in  this  design.     A  6J6  push-push  doubler  with 
a  capacltively- loaded  coaxial -line  resonator  Increases  the   fre- 
quency to  295  megacycles.     The  frequency  multiplication  is  com- 
pleted by  a  2C40  trlpler.      A  2C40  power  amplifier  at   885  mega- 
cycles completes  the  exciter.     Both  lighthouse  stages  were  de- 
signed to  use   shorted  flat-element   transmission  lines  for  tank 
circuits  with  grounded  grid  construction. 

A  blconical  broadcast  antenna  Is  to  be  used  with  the  trans- 
mitter.    The  conical  sections  of  the  antenna  were  designed  to 
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be  constructed  of  rod  elements  three  wavelengths  long  and 
spaced  ten  degrees  apart.   Vertical  radiation  from  the  antenna 
Is  suppressed  and  the  horizontal  radiation  pattern  Is  circular. 
The  antenna  gain  from  design  curves  1b  15  decibels.  Because 
It  Is  a  nonresonant  antenna  It  will  have  a  broad  band. 
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PLATE-I.'ODULATED  PINAL  AMPLIFIER 
Clasr,  C  Design 

The  following  design  was  calculated  In  accordance  with  the 
procedure  developed  by  Terman.1     Two  2C43  lighthouse  triodea  are 
used  In  the  final  amplifier.     The  manufacturer's  ratings  for  the 
2C43  as  given  by  the  HCA  Tube  Kanual  are  maximum  plate  dissipa- 
tion 10  watts,  maximum  d-c  plate  voltage   450  volts,   and  maximum 
d-o  plate   current  36  mllllamperes.      The   ARKL  Handbook  for  1949 
lists  500  volts  as  maximum  d-c  plate  voltage  and  40  mllllam- 
peres as  maximum  d-c  plate  current.      The  RCA  values  were  used 
since  they  are  more  conservative. 

For  oxide-coated  cathodes  the  efficiency  at  normal  operat- 
ing temperatures  Is   from  50  to  125  mllllamperes  per  watt  of  heat- 
ing power.2     A  cathode  efficiency  of  90  mllllamperes  per  watt 
and  a  factor   of  safety   of  2.5  were  assumed  for  t-ls  design.     The 
cathode  heating  power  for  the   2C43  Is   5.68  watts  and   the  peak 
cathode   emission  Is   200  mllllamperes. 

From  plate  characteristics  for  the   2C43  a  value  of  grid 
voltage  and  plate  voltage  was  chosen  to  give  200  mllllamperes 
total   space   current.      For  the  point  where  E„,in    (plate)   Is  50 
volts  and  Ebw^    (grid)   la  18  volts,    the   plate  current   Is   120  mll- 
llamperes and  the  grid     c  rrent  la  80  mllllamperes. 


1  Frederick  K.   Terman,   Radio  KnpineerlnR,   Third  Edition 
(Hew  York:   McGraw-Hill),    1947,   pp.    384-389. 

2  Frederick  E.   Terman,   Radio  Engineering,   Second  Edition 
(Hew  York:   McGraw-Hill),    1937,   p. 107. 
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The  final  amplifier  waa  designed  to  operate  ^ood  class  C 
at  the  crest  of  the  modulation  cycle.  The  angle  of  plate  cur- 
rent flow  at  crest  conditions  was  chosen  as  160  degrees.   On 
the  assumption  that  oc  equals  3/2,  the  d-c  and  fundamental  fre- 
quency components  of  the  total  space  current  are  0.25  and  0.425, 
respectively,  of  the  peak  space  current.   The  d-c  conponent  of 
the  total  space  current  is  50  milliamperes  and  the  crest  value 
of  the  fundamental  frequency  component  of  the  total  space  cur- 
rent is  85  milliamperes.  Using  an  amplification  factor  of  48 
for  the  tube  and  a  plat?  supply  voltage  of  450  volts,  the  grid 
bias  required  for  an  angle  of  plate  current  flow  of  160  degrees 
is  13.4  volts.   The  angle  of  grid  current  flow  is  130  degrees. 
The  d-c  and  fundamental  frequency  components  of  the  grid  cur- 
rent are  0.18  and  0.33  times  the  peak  value  of  the  grid  current, 
or  14.4  and  26.4  milliamperes,  respectively.   The  d-c  plate  cur- 
rent is  50  -  14.4  =35.6  milliamperes,  and  the  fundamental  fre- 
quency component  is  85  -  26.4  =  58.6  milliamperes  crest  value. 
The  power  input  to  the  plate  Is  16  watts.   The  power  output  is 
11.7  watts  and  the  plate  dissipation  Is  4.3  watts.  •  The  loaded 
shunt  tank  impedance  required  is  6,820  ohms,  and  the  grid  driv- 
ing power  required  is  0.415  watt. 

The  above  design  conditions  are  for  one  tube  operating  at 
the  crest  of  the  modulation  cycle.   The  final  amplifier  operate! 
push-pull,  grounded  grid.   For  two  tubes  the  power  output  at  the 
crest  of  the  modulation  cycle  Is  23.4  watts.   The  maximum  d-c 
plate  current  is  71.2  milliamperes  and  the  average  d-c  plate  cur- 
rent Is  35.6  milliamperes.   The  loaded  shunt  tank  impedance  re- 


77 


quired  for  design  conditions  Is  4  x  6,880  =  27,280  ohms.      The 
total  driving   power  required  is  3,5  watts  including  the   power 
delivered  to  the  cathode  tank  because  of  grounded  grid  con- 
struction. 

Tank  Circuit  Design 

The   interelectrode   capacitances   of  the   2C43  are  as  follows: 

Grid-to-plate   capacitance  equals   1.7  micromlcrofarads 
Grid -to- cathode  capafiltance  equals   2.8  micromlcrofarads 
Plate-to-cathode   capacitance  equals   0.02  micromicrofarad 

Plate  Tank.     The  plate  line  Is  6  inches  Long  to  fit   in  the 
brass  shield.     However,  the  short  is  not  an  infinite  conducting 
plane  and  contributes  approximately  an  Inch  to  the   line  length 
since  the  conductors  are  spaced  2  Inches  apart  and  the  short  is 
approximately  the   same  siae  as  the   conductors.     The  plate  caps 
of  the  tubes   contribute  another  half  Inch  to  the  line  length, 
which  makes  the  line  effectively  7.5  Inches   or  0.19  meter  long. 
At  the  frequency  of  885  megacycles  per  second  a  wavelength  is 
0.339  meter.     The  plate  line  Is  0.57  wavelength  or  202  elec- 
trical degrees  In  length. 

The  plate   line  is  constructed  of  3/8-lnch  diameter  tubing 
spaced  2  Inches  between  centers.     The  characteristic  impedance 
of  the  line   Is  272  ohms.     The  inductive  reactance  provided  by 
a  shorted  transmission   line  more   than  one-half  and   less  than 
three-fourths  wavelength  long  Is  equal  to  the    characteristic 
impedance  of  the    line   times  the   tangent   of  the    line   length  in 
degrees. 
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XL  =  Z0  tan  9  =  272  tan  202°   =  109.5  ohma 
The  capacitance  required  to  resonate  this  inductive  reactance  at 
a  frequency  of  885  megacycles  is  1.64  micromicrofarads.     This 
capacitance  is  furnished  by  the  grid-to-plate  capacitance  of 
the  tubes  and  the  tuning  condenser.     The  grid-to-plate  capaci- 
tances appear  in  series  across  the  open  end  of  the  line  for  push- 
pull  operation.      This  is  0.85  micromicrofarad  of   capacitance  for 
two  2C4S's.      The  remaining  0.8  micromicrofarad  is  contributed 
by  the  tuning  condenser. 

Cathode  Tank.     The  effective  length  of  the  cathode  line  is 
approximately  7  Inches  or  0.178  meter.      At  the   frequency  of  885 
megacycles  the  cathode  line  is  0.525  wavelength  or  189  elec- 
trical degrees  in  length. 

The  cathode  line  is  constructed  of  1  l/2-inch  diameter  tub- 
ing spaced  2  inches  between  centers.     The  characteristic  imped- 
ance of  the  line  is  61  ohms. 

XL  =  Z0  tan  S  =  61  tan  189°  =9.65   ohms 
The  capacitance  required  to  resonate  this  inductive  reactance 
at  885  megacycles  is  18.6  micromicrofarads.      Of  this  capacitance 
1.4  micromicrofarads  are  contributed  by  the  grid-to-cathoda 
capacitances  of  the  tubes  in  aeries  and  the  remaining  17.2  micro- 
microfarads are  furnished  by  the  tuning  condenser. 

Plate  Tank  Efficiency 

The  efficiency  of  the  plate  tank  circuit  of  a  class  C  stage 
has  been  defined  as    (Qi  -  Qeff )Al»  where  Qi  is  the  figure  of 
merit  of  the  unloaded  tank  and  Q,otf  is  the   effective  Q  of  the 
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loaded  tank  circuit.  This  equation  is  accurate  only  for  lumped- 
constant  circuits  where  the  shunt  impedances  of  the  tank  are 
directly  related  to  the  Q  of  the  tank  circuit.  This  equation 
may  be  written  in  a  more  general  form  which  is  applicable  to 
tanks  composed  of  either  lumped  constants  or  distributed  constants. 

(Rshunt  -  ^loaded) 
Tank  efficiency  = 

Rshunt 

where     Rshunt     =  tne  shunt   Impedance   of  the   unloaded  tank   circuit 

sloaded  =  the  value  of  plate  load  impedance  for  class  C 
design   conditions. 

Consequently  the  efficiency   of  the   plate  tank  circuit  Is  depend- 
ent upon  the  attainable  unloaded   shunt   impedance  of  the   tank. 

The  input  impedance  to  a  shorted  transmission  line  that  is 
an  odd  multiple  of  quarter  wavelengths  long  Is  a  large  pure  re- 
sistance.1 

Zo                    Zo  a 

r       = = for  small  values   otaC £ . 

80       tanhoci  oci 

where     Z_  =  characteristic  Impedance  of  the  line 

e=C  ■  attenuation  constant  in  nepers  per  meter 

M  =  line  length  in  meters   =  cn/4f 

c  =  velocity  of   light  in  meters  per  second 

n  =  number  of  quarter-wave   sections  in  the   line 

f  =  frequency  at  which  the  line  Is  antlresonant. 

The  maximum  shunt   Impedance   that   a  tank   composed  of  a 

shorted  section  of  transmission   line  an  odd  multiple  of  quarter 

wavelengths   long  can  have   Is   4  Z0f/cCcn,     However,    in  the   actual 

case  the  lines  which  form  the   external  tank  circuits  are  not  an 


1  Robert  I.    Sarbacher  and  William  A.   Edson,   Hyper  and 
Ultrahigh  Frequency  Knplneerlng    (Hew  York:   John  Wiley  k  Sons), 
1947,    p.    ZWT 
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odd  multiple  of  quarter  wavelengths  long  but  are  shortened  by 
the  capaoltive  loading  of  the  tubes.  The  reduction  in  shunt 
Impedance  of  capacltively- loaded  shorted  transmission  lines  may 
be  taken  into  account  by  applying  a  correction  factor  to  the 
shunt  Impedance  that  the  tank  would  have  if  it  were  an  integral 
number  of  quarter  wavelengths  long. 

The  shunt  resistance  of  an  ordinary  resonant  circuit  may 
be  defined  as1 

voltage2 

"shunt  =  

2  x  energy  lost  per  second 

This  definition  may  also  be  applied  to  other  types  of  resonators. 

When  a  ahorted  section  of  a  transmission  line  is  loaded 

with  a  capacitance  across  the  open  end  to  produce  a  resonant 

tank,  standing  waves  will  exist  on  the  line  and  the  magnitude  of 

the  voltage  and  current  at  any  point  along  the  line  is  given 

approximately  by  the  following  equations. 

*'  •  Emax  8ln  <2tr*)/A 

*'  =  ^ax  oos  (2rr*)/A 

where  Emax  =  the  voltage  a  quarter  wavelength  from  the  short 
Imax  =  tne  current  at  the  short 

x  =  the  distance  from  the  point  under  consideration 
to  the  shorted  end  in  wavelengths. 

The  energy  loss  per  second  in  an  infinitesimal  length,  dx,  is 

I,2R  dx  and  the  energy  loss  per  second  for  a  line  x  wavelengths 

long  is  J   I*"R  dx,  where  R  is  the  resistance  of  the  line  per 

'o 
wavelength. 


Theodore  Moreno,  Klcrowave  Transmission  Design  Data 
(New  York:  KcOraw-Hill),  1948,  p.  215. 
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B^     in  2rrx  2irx 


Energy  loss/sec.    =  L.,     (•«-  +  i  sin cos ) 

*  W2  8ln  - 


Bshunt 


2ir      A  /I  A 

2irx 

A" 

irx  2rrx  2trx 


RAlmaX      («£-   esc   -j~   +  i  cos   ---) 


When  the   line  Is  a  quarter  wavelength  long 

..  4  Ejnax 

Rshunt  ■  rbca  -  r*vrr 

4  R  Almax 

For  a  line   any  length  less  than  a  quarter  wave   long 

2-irx 

sin   --- 
t.  A 

Rshunt  =  RscJ=-   "     

4      2      2irx  2rrx  2trx 

-.--   cosec   -_--   +  cos   wv 
A  A  A 


.      X  ******        _Rsc£ 

Rshunt  =  Rscri  -  ;";y;"""2 


When  the   line  is   three-fourthB  of  a  wavelength  long 

This  agrees  with   the  fact   established  previously  that   the   shunt 
impedance   of  a  line  an  odd  multiple   of  quarter  wavelengths   long 
varies   inversely  with  the  number  of  quarter-wave   sections   in 
the   line.      For   lines  between  a  half  and  three-quarters  of  a  wave- 
length long 

2rrx 
.)      3ir  sin  -5- 

R8hunt  =  Rsc5j4- 

*       2       2itx  2rtx  2vx 

---   cosec   ---   +  cos   --- 
AAA 

The  ratio  of  the  shunt   impedance  to  what  it  would  be  if  the  line 

were  a  quarter  or   three-quarters   of  a  wavelength    long  have  been 
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lengths   In  Plate  XIII.      The  results  of  theee  calculations  agree 
very  closely  with  those  obtained  by  TJergaarci  and  Salzberg.^ 
Their  results   were  arrived   at  by  different  method  and  were  sub- 
stantiated by  experimental  evidence. 

The  shunt   Impedance  that  the  plate  tank  of  the  final  ampli- 
fier would  have  If  the  line  were  three-quarters  of  a  wavelength 
long  was  computed  with   the  equation 

4  Z0f 

RBC  = 

oC   en 
For  transmission  lines  where  the  conductance  per  unit  length 
may  be  assumed  to  be  zero,  the  attenuation  constant  is  R/2  Z0, 
where  R  Is  the  loop  resistance  of  the  line  per  unit  length, 
for  parallel  wire  lines  separated  by  air 
1  1/trf^ 

oC    = nepers  per  meter 

b  -  a 

2  x  120  loge  

a 

where  a  =  radius  of  each  conductor  in  meters 

b  ■  distance  between  the  centers  of  the  conductors  in 

meters 
f  =  frequency  in  cycles  per  second 
A\   =  permeability  of  the  line  material,  approximately 
equal  to  the  permeability  of  free  space  for  most 
conductors 
if  ■  conductivity  of  the  line  material  in  mhos  per  meter. 

For  silver-plated  lines  3/8  inch  in  diameter,  spaced  2  inches 

apart,  and  three-quarters  wavelengths  long 


1  L.  S,  Nergaard  and  Bernard  Salzberg,  "Resonant  Impedance 
of  Transmission  Lines,"  Proceedings  of  the  I.  R.  E.,  22i579, 
September ,  1959 . 


EXPLANATION  OF  PLATS  XIII 


Plot  of  the  ratio  of  the  shunt  resistance  of  a  resonant 
shorted  section  of  transmission  line  shortened  by  capacltlve 
loading,  Rghunt>  to  tne  shunt  resistance  of  a  shorted  section 
of  the  same  transmission  line  an  odd  number  of  quarter  wave- 
lengths long,  Hsnort  circuit*  versus  the  loaded  line  length. 
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a  ■  4. 73  x  10"p  -,ieters 

b   =  5,08  x  10"2  meters 

f  =  885  x  10°  cycles  per   second 
/J  =  1.257  x  10-°  henries  per  meter 

<f  =  6.1  x  107  mhos  per  meter 
oC  =  9.39  x  10-4  nepers  per  meter 

RBC"j-  =  1.14  x  106  ohms 

The   shunt  resistance  of  the   final  amplifier  plate  tank 

which  la  0.57  wavelength  long  Is   0.11  R„e?_*_  from   Plate  XIII, 

4 
or  1.25  x  10°  ohms.      The   plate-tank  efficiency  of  the    final 

amplifier  Is   78.4  per   cent   and  the  power  output   18.3  watts. 

RESISTANCE-COUPLED  MODULATOR 

Resistance   Modulation  Design   Procedure 

For  resistance  coupling  of  the  modulator  to  the   class  C 
stage   the  modulator  tube   operates  in  parallel  with  the  class  C 
stage.      Also  the  class  C   stage   Is  adjusted  for  a  linear  char- 
acteristic of  d-c  current  versus  d-c  voltage  over  the  range  of 
operation.     Therefore,   the   class  C   stage  appears  to  the  modulator 
as  a  resistance  equal  to  Eb/ib.      The  basic  modulator   circuit 
given  In  Plate  IV  shows   this   simplification. 

Since  it  is  not  feasible  to  reduce  the  plate  voltage  of  the 
modulator  tube   to  zero,   the  oathodes  of   the   final  amplifier  tubes 
are  operated  at   a  constant  potential  above  ground.      This   Is  ac- 
complished by  placing  a  dropping  resistor,   R^,   between  the  cathode 
of  the  final   amplifier  and  ground.     The   output  of  a  regulated 
power  supply  maintains  a  constant   current  in  R,j.     Therefore  the 
plate-to-cathode  voltage   of  the   final  amplifier   is   always   less 
than   the   plate-to-cathode   voltage   of  the   modulator.      Prom  the 
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characteristics  of  the  proposed  modulator  tube  this  voltage  be- 
low vtilch  It   is  not  feasible  to  reduce  the   plate  voltage  is 
Chosen  and  will  be   called  E^n-      Currents  and  voltages  for  the 
class  C  amplifier  will  be  designated  by  the  subscript  A.     Then 
to  allow  E»  to  be  reduced  to  zero  for  100  per  cent  modulation, 
the  voltage  drop   in  Ra,   E^,  must  equal  F^in- 

Since  the  modulator  tube  is  in  parallel  with  the  class  C 
stage,  £„„  is  fixed  as  Emin  +  Ea  max-     No»  writing  the   loop 
equation  for  the   left  loop  of  the   simplified  modulator  circuit, 

E^   -  RL(IA  +  I)   -  EA  -  Ed  =  0 
but  ^  =  Emin  mi  EA  =  IARA 

Then  (EbD   -  E^n)   -  IA(RL  +  RA)   -  IRL  =  0 

This   is  a   general  equation  v.-hlch  must  be   true  at   every  instant. 
Now  take  the  maximum  and  minimum  conditions 

(Ebb   -  %!„)   •   IA  max<RL  +  RA>   -   IminRL  =  0 
(Ebb   -  tinin)   -   *A  min(RL  +  Ra)   -   ImaxRL  =  0 
But  IA  min  ls  equal  to  sero  for  100  per  cent  modulation.     Then 
by  equating  the  two  equations  and  solving  for  RL, 

EA  max 

RL  =  - — - — " 

'■^max  "  -^min  "  *A  max' 
In  this  equation  IA  rnax  and  EA  max  are  fixed  by  the  class  C 
design. 

The  values  of  Imax  and  Imln  are  chosen  in  accordance  with 
the  same  principles  that  apply  to  class  A  power  amplifiers.   The 
only  difference  ls  that  the  plate  voltage  swing  has  been  fixed 
by  the  previously  determined  values  of  Emax  and  Emin.  After  the 
values  of  Imax  anii   Imln  *hich  give  an  operating  point  where  the 
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plate  dlaolpation  Is  not  excessive  has  'been  choaen,   the  value 
of  R^  may  be  determined. 

Prom  the  equation  for  maxi-nuia  current  in  the  modulator  the 
required  plate-supply  voltage  may  be  evaluated. 

Ebb  "  Emin  +  ^ax  ^L 
Modulator  Design 

This  design  follows  the  design  procedure  outlined  and  uses 
a  715A   (W.E.   5D21 )  tetrode  as  the  modulator  tube,      from  the 
plate  characteristics  which  are   shown  in   Plate   XIV,   Egj^  was 
chosen   as   100  volts.     Then  E^^  =  Ea  m^  ft  Emin   =  550  volts, 
^ax  anti  ^in  were   chosen  as  325  and  50  milliamperes,   respec- 
tively.    These  conditions  occur  for  an  operating  point  at 

Ecjl  =  -17.5  volts 

EC2  =  150  volts 

Eb0  =  330  volts 

I00  =  180  ma 

E„     =  35  volts  peak-to-peak 

Substituting  these  values  in  the  equations  developed  previously 

gives 

Rj,  =  2,200  ohms       and       EDD  =  830  volts 

The  a-c  load  resistance  on  the  modulator  is 

(Emax  ~  ^in' 
=  i#640  ohms 

^max  "  ^in) 


Modulator  Band  Pass 

The  limiting  factor  to  the  high-frequency  response   of  the 
modulator  Is  the  capacitance  from  plate   to  ground  appearing 
across   the  output  since  the  a-c  load  resistance  has  been  fixed 


EXPLANATION    OP   FLASK  XIV 
Plate  characteristic  of  modulator  showing  a-c  loaci  line. 
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by  the  modulator  design.      This  capacitance   le  the  sum  of  the 

plate-to-cathode  capacitance  of  the  modulator  tube,   the  stray 

capacitances  due  to  the  wiring,  the  capacitance  of  the  plate 

tank  of  the  final  amplifier  to  ground,   and  the  grid-to-plate 

capaoltance  of  final  amplifier  tubes. 

C  j.  for  716A  is  8  mlcromicrofarads 

cSp  for   one   2C43  Is   1.7  mlcromicrofarads 

cstray  wiring  assumed  to  be  8  mlcromicrofarads 

The  total  capacitance  across  the  output  of  the  modulator  la 

approximately  19.4  mlcromicrofarads.      The  a-c  load   resistance 

from  the  modulator  design  is  1,640  ohms. 

f0  =  l/2mRC   =  5.0  megacycles 

L     =  CR2/2   =  26  microhenries  of  shunt  peaking  Inductance 
Equations   from  Principles  of  Television  Engineering . ■*■ 

Harmonic  Distortion 

Prom  the  plate  characteristic  the  following  points  were 
taken  for  making  a  five-point  harmonic  analysis  of  the  output. 

xm&x   "  325  mR 
1+4  =  260 
Ib   =  160 
I  i  =105 
Vin  =  °0 

By  the  procedure  given  in  the  reference  cited,  the  following  re- 
sults were  obtained. 


1  Donald  Q.  Pink,  Principles  of  Television  Engineering 
(New  York:  McOraw-Klll),  1940,  p.  222. 

2  Jacob  Llllman  and  Samuel  Seely,  Electronics  (Mew  York: 
McGraw-Hill),  1941,  p.  543. 


91 


D-c  component  of  output  wave  =  4  milllamperes 
Fundamental  component  of  outpvt  wave  =  143  ma 
Second-harmonic  component  =  4  ma 
Third-harmonic  component  =  -6  ma 
Fourth-harmonic  component  =  -0,5  ma 

The  total  distortion  is  approximately  5  per  cent.  The  plate 

dissipation  with  sinusoidal  signal  is  60.7  watts. 

Alternative  Modulator  Design  Procedure 

The  equivalent  circuit  shown  in  Plate  IV  may  be  used  to 
obtain  an  equation  for  the  load  resistance  required.   The  a-c 
load  resistance  on  the  modulator  is  the  parallel  combination  of 
the  resistance  presented  by  the  class  C  stage  and  the  load  re- 
sistance.  The  resistance  presented  to  the  modulator  by  the 

EA  max 
class  C  stage  is  .  The  a-c  load  resistance  on  the  modu- 

lA  max 
'Emajc  -  Emin)              .       EA  max 
lator  is  also ,  which  is  equal  to . 

(Imax  "  *min'  l*max  "  Imln) 

Then 

EA  max, 
RL( ) 

EA  max  *A  max 

K 

*A  max 
Solving  this  equation  for  RL 

EA  max 

RL    ,    . - 

'  max  "   ^mln  "  IA  max' 
This  is  the   same  result  as  was   obtained  in  the  preceding  develop- 
ment. 

The  required  plate-supply  voltage  may  be  obtained  by  use  of 
the   d-c  load   line   for   the  modulator.      The  intercept   of  the   d-c 
load  line   on  the   current  axis   of   the  plate  characteristics  is  the 


(Imax  "  Wi*       T      +   {fA_™ax} 
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value  of  current  flowing   through  the  tube  If  Its  plate-to- 
cathode  voltage  were  reduced  to  zero.      This  Intercept  Is 

^bt^A  ♦  EdRL) 
HABL 

The  Inter oept  of  the  d-c  load  line  on  the  voltage  axis  occurs 
when  no  current  passes  through  the  tube.  The  voltage  Intercept 
is 

"i/Ebb  "  Ed> 
Ebb  -  -7 -" 

(Ra  +  Rl) 

Prom  these  two   intercepts   the   slope   of   the  d-c  load  line   and  the 
d-c  load  resistance  can  be  determined.      The  d-c  load  resistance 
on  the  modulator  is  rari/ra  +  RI<)'   which  is  the  same  as   the  a-c 
load  resistance.      This   is   to  be  expected  since  the   load  on  the 
modulator   is  composed  of  resistances.      Consequently  the  modulator 
operates   as   a  conventional  class  A  power  amplifier  with  a  re- 
sistance  load   of  RARl/(RA  +  RI,)    ohms  and  a  power   supply  voltage  of 

(EbbRA  +  kdRL> 

volts. 

(RA  +  rl) 
The  voltage  at  the  operating  point  is  the  voltage  axis  in- 
tercept of  the   d-c   load  line  minus   the  voltage  drop   in  the  d-c 
load  resistance  due   to  the  plate  current  flowing  at  the  operating 
point. 

(Ebl^A  ♦  EdRL)              IboRARI. 
Ebo  - -; 

(RA  +  RL)  (Ra  +  RL> 

when  this   equation  is   solved  for   the  plate-supply  voltage,    EDjj, 
the  following  equation  results 
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=  Ebo  +  IboRL  +  

Substituting  In  the  values  for  the  operating  point  chosen  gives 
the  required  plate  supply  voltage  as  830  volts  which  is  the 
same  result  as  obtained  by  the  other  modulator  design  procedure. 

73.75-MEGACYCLE   OSCILLATOR 

Class  C  Design 

The  following  oscillator  design  was  calculated  in  accord- 
ance with  the  procedure  developed  by  Terman.        One-half  of  a 
12AT7  dual  triode   Is   used  as  the  oscillator  tube.     The  manufac- 
turer's ratings  for  one  section  of  a  12AT7  are  maximum  plate 
dissipation  2,5  watts  and  maximum  d-c  plate  voltage  300  volts. 

This  design  is  based  upon  a  peak-cathode  emission  of  40  mil- 
11  amperes   and  a  plate  supply  voltage  of  105  volts.      The  angle   of 
plate  current  flow  was  chosen  as  140  degrees.     From  plate   char- 
acteristics for  the  12AT7  a  value  of  grid  voltage  and  plate  volt- 
age was  chosen  to  give  40  milllamperes  total  space   current.     For 
the  point  where  E,,,^   (plate)   is  25  volts  and  %„   (grid)  Is  5 
volts,   the  plate  current   Is  25  milllamperes  and  the    grid  cur- 
rent  Is   15  milllamperes. 

On  the  assumption  that    °C   equals  3/2,   the  d-c  and  funda- 
mental frequency  components  of  the  total  space  current  are  0.225 
and  0.39,  respectively,   of  the  peak  space  current.     The  d-c  corn- 


Frederick  E.   Terman,   Radio  Engineering,   Third  Edition 
(Mew  York:   McGraw-Hill),    1947,   p.    412. 
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ponent  of  the  total  apace  current  Is  9  mllllamperes  and  the 
crest  value  of  the  fundamental  frequency  component  of  the  total 
space  current  la  15.6  mllllamperes.     Using  an  amplification 
factor  of  35  for  the  tube,   the  grid  bias  required  for  an  angle  of 
plate  current  flow  of  140  degrees  with  a  plate  voltage  of  105 
voltB  Is  5.97  volts.     The  angle  of  grid  current  flow  Is  114  de- 
grees.    The  d-c  and  fundamental  frequency  components  of  the  grid 
current  are  0.17  and  0.31  times  the  peak  value  of  grid  current, 
or  2.55  and  4.65  mllllamperes,  respectively.     The  d-c  plate  cur- 
rent Is   9  -  2.55   =  6.45  mllllamperes,   and  the   fundamental   fre- 
quency component  of  plate  current  Is   15.6   -  4.65   =  11  mllllar.- 
peres  crest  value.     The  power   Input   to  the   plate  Is  0.677  watt. 
The  power  developed  In  the  plate  tank  1b  0.440  watt  and  the   plate 
dissipation  Is   0.237  watt.      The   nrld  driving  power  required  Is 
0.0255  watt,  which  gives  a  net  power  output  of  the  oscillator, 
neglecting  tank  losses,   of  0.414  watt.     The  grid-leak  resistance 
required  Is  2,340  ohms.      The  loaded  plate  tank  Impedance  neces- 
sary to  give  these  design  conditions  Is   7,200  ohms. 

Tank  Circuit  Design 

For  good  plate  tank  efficiency  the  loaded  Q  of  the  plate 
tank  should  be   small  In  comparison  to  the  unloaded  Q.     However, 
for  sharp  resonance  the  loaded  Q  should  not  be  less  than  10. 
Assuming  an  effective  Q  of  10, 

Zp  =  uL  Q^ff  =  7,200  =  10  uL 
The   capacitance  required  to  resonate  this  inductive  reactance  at 
a  frequency  of  73.75  megacycles   Is   3  micromicrofarads.      Since  the 
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aeoond  section  of  the   12AT7  was  capaoltlvely  coupled,  both  the 
output  capacitance  of  the  first  section  and  the   Input  capaci- 
tance of  the   second  section  appear  across  the  plate  tank.     The 
output  capacitance  of  the  first  section  is  0.45  mlcromlcrofarad 
and  the  input  oapacitance     of  the   second  section  is  2.5  micro- 
microfarads.     This  is   sufficient   tuning  capacitance  and  an  in- 
ductance resonating  the  tube  capacitances  would  give  the  best 
tank  efficiency.     However,  to  make  adjustment  of  the   oscillator 
easier  and  especially  to  simplify  checking  for  crystal-controlled 
oscillation,    a  plate  tank  tuning  condenser  was  included.     This 
oondenser  was  a  3-17-mlcromlorofarad  midget  variable.     Assuming 
a  setting  of  this  tuning  condenser   of   10  micromlcrofarads  for 
design  conditions,  the  oapacitance  across  the  plate  tank  be- 
comes 15  micromlcrofarads.     In  order  to  resonate  this  capaci- 
tance the  inductive  reactance  of  the  tank  coll  must  be  smaller 
than  720  ohms.     In  fact,   the  inductive  reactance  of  the   tank  coil 
must  be  144  ohms  to  resonate   15  micromlcrofarads   at  73.75  mega- 
cycles.    Now  the  effective  Q  of  the  tank  circuit   cannot  be  re- 
duced to  10  and  still  provide   sufficient  plate  tank   impedance. 
The  plate  tank  operates  with  an  effective  Q  of  50.      Assuming  an 
unloaded  Q  of  150  for  the  tank  coil,  the  plate  tank  efficiency  is 

(Q  -  Qeff)/1  ■  66'7  Per  cent. 
The   oscillator   power  output  =  0.667  x  0.414   =  0.276  watt.     The 
inductance  of  the  plate  tank  coll  Is  0.31  microhenry. 
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12AT7  DOUBI£R  FROM  73.75  MC  TO  147.5  MC 
Class  C  Design 

The  following  harmonic  generator  design  follows  the  design 
procedure  outlined  by  Terman.1     The  tube  ratings  are  the  same 
as  those   listed  for  the   12AT7  oscillator.     This  design  uses  a 
peak-cathode   emission  of  65  milliamperes,    a  plate  supply  voltage 
of  105  volts,  and  an  angle  of  plate   current   flow  of  100  degrees. 

From  the  plate   characteristics  for  the  12AT7  a  value  of 
grid  voltage  and  plate  voltage  was  chosen  to  give  65  milliam- 
peres total  space   current.     For  the  point  where  S^^n   (plate)  is 
25  volts  and  i^g^   (grid)  is  8  volts,   the  plate  current  is  40 
milliamperes  and  the  grid  current  is   25  milliamperes. 

On  the  assumption  that   oC  equals  3/2,   the  d-c  and  second- 
harmonic  component  of  the  total  space  current  are  0.165  and  0.25, 
respectively,   of  the  peak  space  current.     The  d-c  component  of 
the  total  space  ourrant  la  10.4  milliamperes  and  the   crest  value 
of  the   second-harmonic  component  of  the   total  space  current  is 
16.2  ma.     Using  an  amplification  factor  of  35  for  the  tube,  the 
grid  bias  required  for  a  doubler     operating  with  a  plate  voltage 
of  105  volts  and  an  angle  of  plate  current  flow  of  100  degrees 
is   20.6  volts.      The  angle  of  grid  current  flow  is   88  degrees. 
The  d-c   component   of  the  grid  current   is   0.13  times  the  peak 
value  of  the  grid  current,   or  3,25  milliamperes.     The  fundamental 


1  Frederick  E.   Terman,    Radio  Engineering,   Third  Edition 
(New  York:   McOraw-Hlll),    1947,   p.    394. 
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frequency  component  of  the  grid  current  is  0.245  x  25  =  6.13 
milliamperes.     The   second-harmonic  component  of  the  grid  cur- 
rent is  0.215  x  25  =  5.38  milliamperes  orest  value.     The  d-c 
plate  current  10.4  -  3.25  =  7.15  milliamperes  and  the  second- 
harmonic   component   of  the   plate  current   is   16.2   -  5.38  =  10.8 
milliamperes  crest  value. 

The  power  input  to  the  plate  is  0.75  watt.     The  second- 
harmonic  power  developed  in  the  plate  tank  is  0.432  watt  and  the 
plate  dissipation  is  0.318  watt.     The  grid  driving  power  re- 
quired is  0.088  watt.       The  grid-leak  resistance  is  6,550  ohms. 
The  loaded  tank  Impedance  necessary  to  give  these  design  condi- 
tions is  7,400  ohms. 

Tank  Circuit  Design 

Since  tie  coupling  loop  to  the  next  stage  is  tuned  to  series 
resonance  and  does  not  reflect  reactance  into  the  doubler  plate 
tank,    the   capacitance  across  the   tank  is  the  output   capacitance 
of  the  tube  plus  the   stray-wiring  capacitance  and  the  capacitance 
of  the   tank-tuning  condenser.     A  condenser  was  used  to  tune  the 
tank  even  though  it  results  in  reduced  tank  efficiency.      The  tun- 
ing condenser  is   a  Cardwell  Trim-Air  Midget  type   ZR-10AS,    1.2-10 
micromicrofarads  variable.     For  a  total  capacitance  of  5  micro- 
microfarads  across  the  plate  tank  the  inductive  reactance  re- 
quired for  resonance  at   147.5  megacycles   is   216  ohms.      This  re- 
quired a  loaded  0,  of  34.2  for  the  tank  circuit  to  provide  suffi- 
cient tank   Impedance   for  the  design  conditions.      Assuming  an 
unloaded  Q  of  125  for  the   plate  tank   coll,   the  plate   tank  effl- 
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clenoy  is  72.9  per  cent.     The  doubler  power  output  is 

0.729  x  0.432  =  0.314  watt.     The  inductance  of  the   plate  tank 

coll  is  0.233  microhenry. 

6J6   PUSH-PUSH  DOUBIER  PROM  147.5  MC   TO  295  MC 

Class  C  Design 

This  harmonic  generator  design  also  follows  the  design  pro- 
cedure developed  by  Terman.     The  design  is   first  made  for  one 
section  of  the  dual-trlode.     The  manufacturer's  ratings  for  one 
section  of  the  6J6  are  maximum  plate  dissipation  1,5  watts, 
maximum  d-c  plate  current  15  mllliamperes,   and  maximum  d-c  plate 
voltage  300  volts.     A  peak-cathode  emission  of  64  mllliamperes 
was  used  In  this  design.     The  angle  of  plate  current   flow  was 
chosen  as   120  degrees  and  the  plate  supply  voltage  was   150  volts. 

Prom  the  plate  characteristics  for  the   6J6  a  value  of  grid 
voltage  and  plate  voltage  was  chosen  to  give  64  mllliamperes 
total  space  current.     For  the  point  where  E,,,^   (plate)  Is  25 
volts  and  B^^   (grid)  Is  7  volts,   the  plate  current  is  40  mllli- 
amperes and  the  grid  current  is  24  mllliamperes. 

On  the  assumption  that     oc   equals  3/2,  the  d-e  and  second- 
harmonic  component  of  the  total  space  current  are  0.19  and  0,265, 
respectively,   of  the  peak  space  current.     The  d-c  component  of 
the  total  space  current  Is  12.15  mllliamperes  and  the    crest  value 
of  the  second-harmonic  component  of  the   total  space   current  is 
17  mllliamperes.      Using  an  amplification  factor  of  38  for  the 
tube,  the  grid  bias  required  for  a  doubler  operating  with  a  plate 
voltage   of  150  volts  and  an  angle   of  plate   current  flow  of  120 
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degrees  is  11.6  volts.     The  angle  of  grid  current  flow  is  107 
degrees.  The  d-c  component  of  the  grid  current  is  0.155  times 
the  peak  value   of  the  grid  current,    or  3.72  milliamperes.     The 
fundamental  frequency  component  of  the  grid  current  is   0.29  x  24 
■  8.95  milliampere8.     The   second -harmonic   component  of  the  grid 
current  is  0.24  x  24  -  5.76  milliamperes   crest  value.     The  d-c 
plate   current   is  12.15  -  3.72   =  8.43  milliamperes  and  the  second- 
harmonic  component   of  the   plate  current   is  17  -  5.76   =  11.24 
milliamperes   crest   value. 

The  power  input  to  the  plate  is  1.265  watts.     The  second- 
harmonic  power  developed  in  the  plate  tank  is  0.703  watt  and  the 
plate  dissipation  is  0.562  watt.   The  grid  driving  power  required 
is  0.0681  watt  and  the  loaded  tank  impedance  necessary  for  t:ie 
design  conditions  Is  11,100  ohms.     These  values  are  for  one   sec- 
tion of  the  6J6  only. 

For  both  sections  of  the  6J6  operating  in  a  push-push  doubler 
for   the  second  harmonic  power  output   is   1.4  watts.      The  grid 
driving  power  required  for  both  sections  Is  0.136  watt  and  the 
grid-leak  resistance  Is   1,560  ohms.      Since  the  plates  of  the  two 
sections  operate  in  parallel  the   loaded  tank   Impedance  required 
for  design   conditions   Is   only  5,550  ohms. 

Tank  Circuit  Design 

The   tank  circuit  of  the  6J6  push-push  doubler  Is  composed 
of  a  capacltlvely-loaded  coaxial-line  resonator.        This   resonator 
is  type  D-223920  manufactured  by  the   Lapp  Insulator  Company.      The 
high-Impedance  input  tap   on  the   center  conductor   is  brought  out 
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S  X/8   Inches  from  the  shorted  end.  The  output  tap  on  the  center 
conductor  la  7/8  Inch  from  the  short.  The  total  length  of  the 
center  conductor  is  3  1/2  Inches  and  the  loading  capacitance  Is 
adjustable  for  tuning  by  screwing  a  cap  on  the  outer  cylinder 
of  the  resonator.   The  length  of  the  center  conductor  Is  con- 
siderably less  than  a  quarter  wave  length  at  295  megacycles; 
therefore  the  loading  capacitance  required  for  tuning  the  reson- 
ator will  not  be  negligible.  When  appreciable  loading  capaci- 
tance is  introduced  at  the  end  of  the  line,  the  resonant  frequency 
of  a  capacitively-loaded  coaxial-line  resonator  is  approximately 
the  resonant  frequency  of  the  loading  capacitance  and  the  induct- 
ance of  the  shorted  coaxial  transmission  line  which  composes  the 
remainder  of  the  resonator.  The  center  conductor  of  the  reson- 
ator is  0.0876  wavelength  long  or  31.5  degrees  In  length.  The 
characteristic  impedance  of  the  coaxial  line  portion  of  the 
resonator  is  83.4  ohms.  The  Inductive  reactance  provided  by 
this  shorted  section  of  coaxial  transmission  line  Is 
Z0  tan  9  =  51.1  ohms.   The  loading  capacitance  required  to  reson- 
ate this  inductive  reactance  at  a  frequency  of  295  megacycles  is 
10.56  micromicrofarads.   The  tube  interelectrode  capacitances 
contribute  1  mlcromicrofarad  of  this  capacitance  because  the  two 
plates  are  in  parallel.  The  remaining  9.56  micromicrofarads  of 
capacitance  must  be  provided  by  the  loading  capacitance  at  the 
end  of  the  resonator.   For  a  loading  condenser  plate  7/8  inch  in 
diameter,  the  gap  required  between  the  condenser  plate  and  the 
cap  on  the  outer  cylinder  to  provide  the  necessary  capacitance 
is  0.0141  inch. 
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Plato  Tank  Efficiency 

The  tank  efficiency  was  calculated  by  the   same  method  that 
was  used  for  the  final  amplifier  plate  tank.     The  input  resist- 
ance of  a  shorted  section  of  transmission  line  a  quarter  wave 
long  is  4  ZQf/occ.     The  attenuation  constant,   oC  >   for  *  coaxial 
transmission  line  with  finite  conductivity  is 
'it  f  Mo  £1       1       1  1 

0\/4x  abb 

l°Be   " 
a 

where     a  =  radius  of  the   center  conductor  in  meters 
b  =  inner  radius  of  the  outer  cylinder 
£l  =  dielectric    constant  of  insulating  medium 
A4\  =  permeability  of  the  Insulating  medium 
y^2  =  Perm*aDlllty  of  the  conductors 
(To  ■  conductivity  of  the  conductors 

For  the  silver-plated  capacitively-londed  coaxial-line  resonator 

used  for  the  tank 

a  ■  0.0032  meter 
b  =  0.0127  meter 
c-^  =  8.854  x  10"12  farads  per  meter 
XA-y  =  y^2  ~  1,i257  x  10"6  henry  per  meter 
CTg  =  6.1  x  lO7  mhos  per  meter 
f  =  296  x  10°   cycles  per   second 
oC  =  1,64  x  10~*  nepers  per  meter 

The  characteristic   impedance  of  a  coaxial  line  is    (377/2ir)loge  (b/a) 

which  is  83.4  ohms   for  the   line  used.     Then  the    shunt   impedance 

of  a  quarter  wave  line  is 

Rbc-A.  =  4  Z0f/°CC  =  2  x  105  ohms 

However,   the  line   is  not  a  quarter  wave   long  and  this  reduction 


1  Robert  I.   Sarbacher  and  William  A.  Edson,  Hyper  and  Ultra- 
high Frequency  Engineering    (New  York}    John  Wiley  &  SonaTT"!947, 
p.   284. 
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In  length  reduces  the  shunt  Impedance  a a  previously  calculated. 
Prom  Plate  XIII,   the  shunt  resistance  of  a  line  0.0876  wavelength 
long  la  0.425  of  what  the  shunt  resistance  would  be  If  It  were 
a  quarter  wavelength.     The  maximum  shunt  resistance  of  the   reson- 
ator used  for  the   6J6  push-push  doubler  tank  la  0.425  x  2  x  10° 
=  8.5  x  10*  ohms;   but  the  tube  Is  tapped  down  on  the    line  which 
still  further  reduces  the  unloaded  shunt  resistance  of  the 
resonator. 

The  effect  of  tapping  down  on  a  shorted  transmission  line 
on  which   standing  waves  exift  is  to  transform  the  impedance  by 
a  nearly  perfect  transformer.     For  a  perfect  transformer, 
Vjn2  =  Vgnj  and   1^  =  I2n2.     By  dividing  the  first  equation  by 
the  second,   the  ratio  of  the  input  to  output  impedance  may  be 
determined.     Zln/Z0ut  =  (ni/n2)2  =   (Vj/Vg)2.     For  a   shorted  line 
with  standing  waves,  the  voltage  is  approximately  ^n&x  8ln  e 
where  0  Is  measured  from  the  short.      If  the  Impedance  that  the 
tube  sees  or,   in  other  words,   the  impedance  at  the   tap,   is 
designated  by  Zin,   and  the  Impedance  at  the  open  end  of  the  line 
is   called  Zout,   then 

sin2  6i 
Zin  •  Zout    (— -— ) 
sin*  6g 

where     8i  =  distance  from  the  short  to  the  tap  in  degrees 

S2  =  length  of  the  line  In  electrical  degrees 
The  input   Impedance  for  the  resonator  at  the  open   end,   Z0ut>   naB 
been  shown  to  be   8.5  x  10*  ohms,   and  62  is  31,5  degrees,      'ftse   in- 
put tap  to  the  resonator  is  located  3  1/8  Inches  from  the  shorted 

end  which   is  28.1  degrees.     The  Input  resistance  of  the   resonator 

4 
at  the  high-impedance   tap  is  6.94  x  10     ohms. 
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The  efficiency  of  the  plate  tank  Is 
(Rehunt  "  Rloaded) 

—  —  —  —  -.•  —  -.____«.«.__„_      # 

(Rehunt' 
The  loaded  tank  impedance  required  for  the   class  C  design   con- 
ditions is  5.55  x  10s  ohms.     The  plate  tank  efficiency  is  92 
per  cent  and  the  power  output  of  the  doubler  la  1.29  watts. 

2C40  TRIPIER  FROM  295  MC  TO  885  MC 

Class  C  Design 

The  manufacturer's  ratings   for  the   2C40  lighthouse  trlode 
are  maximum  plate  dissipation  5  watts,   maximum  d-c  plate   current 
22  mllliamperes,   and  maximum  d-c  plate  voltage   450  volts.      A 
peak-cathode  emission  of  116  mllliamperes  was  used  in  this  de- 
sign.    The   angle  of  plate   current  flow  was   chosen  as   90  degrees 
to  increase  the  third-harmonic  component   of  the  space  current. 
The  plate  supply  voltage  used  was  350  volts. 

Prom  the  plate  characteristics  for  the   2C40  a  value  of  grid 
voltage  and  plate  voltage  was  chosen  to  give  116  mllliamperes 
total   space   current.      For  the  point  where  E^n    (plate)  is  50 
volts  and  E^^    (grid)  is   12  volts,    the  plate  current  is   63  mll- 
liamperes and  the  grid  current  is   53  mllliamperes. 

On  the  assumption  that   °c  equals  3/2,   the  d-c   component  of 
the  total   space  current  is  0.145  x  116  =  16.8  mllliamperes.      The 
crest  value   of  the   fundamental  component  of  the  total   space   cur- 
rent is  0.275  x  116  =  31.9  mllliamperes  and  the  third -harmonic 
component  is  0.185  x  116  =  21.4  ml  Ui  amperes.     For  an  amplifica- 
tion factor  of  36  for  the  tube,   the  grid  bias  required  for  a 
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tripler  operating  with  a  plat©  voltage   of  350  volts  ana  an  angle 
of  plate  current  flow  of  90  degrees  Is  42  volts.     The  angle  of 
grid   current  flow  is  78  degrees.     The  d-c  and  third-harmonic 
components  of   the  grid  current  are  0.11  and  0.17,   respectively, 
of  the  peak  value   of  the  grid  current.      The  d-c  grid  current  is 
5.8  ml  111  amperes  and  the   crest  value   of   tiie  third-harmonic  com- 
ponent of  the  grid  current  Is  9  milllamperes.    The  d-c  plate 
current  Is  16.8  -   5.8  =  11  milllamperes.      The   third- harmonic 
component  of  the  plate  current  is  21.4  -9s   12.4  milllamperes. 

The  power  Input  to   the   plate  is  3.85  watts.    The  third-harmonic 
power  developed  In  the  plate  tank  Is   1,86  watts  and  the  plate 
dissipation  is  2  watts.    The  tripler  operates  grounded  grid  and 
the   driving  power  required  is   the  total  fundamental  power   in 
the   cathode   tank,    or    (0.0319  x  54)/2  »  0.862  watt.      The  grid- 
leak  resistance  required  is  7,250  ohms,    and   the   loaded  plate 
tank  Impedance  necessary  for  class  0  design  conditions   is 
24,200  ohms. 

Tank  Circuit  Design 

The  lnterelectrode  capacitances   of  the  2C40   lighthouse 

triode  are   as  follows: 

Grid-to-plate  capacitance  =  1.3  micromicrofarads 
Grid-to-cathode   capacitance  =  2.1  micromicrofarads 
Plate-to-cathode  capacitance  =  0.02  mlcromicrofarad 

Plate   Tank.      The  plate  tank  for  the  2C40   tripler  is  composed 

of  a   shorted  section   of   flat-element  transmission  line.    The   tube 

is  placed  at  the  center  of  a  half  wavelength  line   shorted  at  both 

ends.      The   elements   are  3  Inches  wide  and   spaced  3/8  inch  apart. 
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Effectively  the  tank  Is  two  shorted  quarter  wave  lines  In  paral- 
lel and  the  characteristic  Impedance  of  the  lines  Is  the  same  aa 
If  It  were  a  shorted  quarter  wave  line  6  Inches  wide.  The  char- 
acteristic impedance  of  a  flat-element  transmission  line  la 

Z0  =  377  8/w  =23.6  ohms  for  the  plate  line. 
The  plate  line  Is  shortened  by  the  jrld-to-plate  capacitance 
of  the  tube  and  the  capacitance  of  the  tuning  condensers.  Two 
variable  tuning  condensers  are  placed  beside  the  tube.   The  maxi- 
mum capacitance  of  one  of  tiese  condensers  Is  0.7  mlcromlcro- 
farad.  For  two  tuning  condensers  In  parallel  at  half  their  full 
capacitance,  the  total  loading  capacitance  on  the  line  will  be 
0.7  +  1.3  =  2  mlcromicrofarads.   At  885  megacycles  the  capacl- 
tive  reactance  of  2  mlcromicrofarads  is  90  ohms.   To  provide 
sufficient  inductive  reactance  to  resonate  this  capacitance  at 
885  megacycles  a  shorted  transmission  line  with  a  characteristic 
Impedance  of  23.6  ohms  must  be  75.3  degrees  or  0.209  wavelength 
long.   The  total  distance  between  shorts  for  the  plate  tank  Is 
5.58  inches. 

Cathode  Tank.   The  cathode  tank  of  the  2C40  tripler  Is 
resonant  at  295  megacycles  and  also  made  from  a  shorted  section 
of  flat-element  transmission  line.   However,  the  cathode  tank  is 
a  quarter  wave  line  with  the  tube  tapped  down  2  inches.  The  line 
elements  are  2  inches  wide  and  spaced  3/8  inch  apart  whi  ch  gives 
a  characteristic  impedance  of  70.7  ohms.   A  single  tuning  con- 
denser identical  to  those  used  for  tuning  the  plate  line  is  placed 


1  B.  E.  Parker,  "V.  U.  P.  Tank  Design,"  Radio  and  Tele- 
vision News,  43:8,  January,  1950. 
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in  the  open  end  of  the   cathode  line  and  the  total  loading  capac- 
itance is   0.35   +  2.1  ■  2.45  mlcromicrofarads.      A  shorted  trans- 
mission line  with  a  characteristic  impedance  of  70.7  ohms  must 
be  72.3  degrees  or  0.201  wavelength  long  to  resonate  this  capac- 
itance at  295  megacycles.     The  cathode  line  is  8.05  inches  long. 

Plate  Tank  Efficiency 

The  attenuation  of  Imperfectly  conducting  parallel  flat 
plates  has  been  calculated  by  Sarbacher  and  Edson.        The  atten- 
uation is 


1    IvtM  2  €1 
°C  -  — -« nepers  per  meter 

where     s  =  the  spacing  between  plates  in  meters 

£j  a  dielectric    constant  of  the  medium  separating  the 
conducting  plates 
"^l  =  permeability  of  the   insulating  medium 
M_2  =  permeability  of  the   conducting  plates 
(Tg  =  conductivity  of  the   conducting  plates 

For  the  silver-plated  brass  plate  line  with  conducting  plates 

spaced  3/8  inch  and  separated  by  air, 

a   =  9.52  x  10-3  meters 
^1  =  8.854  x  10" ^-2  farad  per  meter 
■Mx  =^2  =  1.257  x  10"6  henry  per  meter 
^2  =  6.1  x  lO*'  mhos  per  meter 

f  =  885  x  10^  cycles  per  second 

°c  =  2.11  x  10"3  nepers  per  meter 

The  input  resistance  of  a  shorted  quarter  wave   line  with  a  char- 
acteristic  impedance  of  23.6  ohms  and  an  attenuation  of  2.11  x  10~3 


1  Robert   I.    Sarbacher  and  William  A.   Edson,   Hyper  and  Ultra- 
Fr 

pTTxf: 


high  Frequency  Engineering  (He*  York:  John  Wiley  &  Sons),  1947, 
pTie"- 
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nepers  at  a  frequency  of  885  megacycles  la 

•,         4  Zo  f  ■ 

Rac_A    = =  1.32  x  10°  ohms 

4  °C  c 

The  Input  resistance  to  the   rlate  tank  Is   less  than  the   shunt 
resistance  of   a  quarter  wave   line  because   the   line  Is   shortened 
by  capacltlve  loading.     Prom  flate  XIII  the  shunt  resistance 

of  the  plate  tank  Is  0.94  Rac.^.,   or  1.24  x  105  ohms.     The 

4 
loaded  shunt  tank   Impedance  required  for  class  C  design  condi- 
tions  Is   24,200  ohms.     The  plate  tank  efficiency  given  by  the 

(Rshunt   "  ^loaded) 
equation is  80.6  per  cent.     The  power  output 

(Rshunt  J 
of  the  trlpler   Is  0.806  x  1.86   ■  1.5  watts. 

2C40  rent  AKPLIMER  AT  885  MC 

Class  C  Design 

The  angle  of  plate  current  flow  for  the  power  amplifier  was 
chosen  as  160  degrees.     The  plate  supply  voltage  used  was  350 
volts.      The  ratings   for  the  8C40  have  been   listed  In   the  2C40 
trlpler  design.     The  power  amplifier  operates  with  the  same 
cathode  emission  and  maximum  grid  voltage  as  the  trlpler. 

On  the  assumption  that  aC  equals  3/2,   the  d-c  and  funda- 
mental frequency  components   of  the   total   space  current  are  0.25 
and  0.425,   respectively,    of  the  peak   space  current.      The  d-c   com- 
ponent  of  the  total   space  current   la   29  mllliamperes  and  the    crest 
value   of  the   fundamental  frequency  component  of  the   total  space 
current  is   48.3  mllliamperes.     Using  an  amplification  factor  of 
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36  for  the  tube  and  a  plate  supply  voltage  of  350  volts,  the 
grid  bias  required  for  an  angle  of  plate  current  flow  of  160 
de  rees  la  12.7  volts.   The  angle  of  grid  current  flow  Is  118 
degrees.  The  d-c  and  fundamental  frequency  components  of  the 
grid  current  are  0.175  and  0.325  tlmeB  the  peak  value  of  the 
grid  current,  or  9,26  and  17.2  mllliamperes,  respectively.   The 
d-c  plate  current  is  29  -  9.26  =  19.7  milliamperes,  and  the 
fundamental  component  of  plate  current  ia  40.3  -  17.2  =  31.1 
mllliamperea  crest  value. 

The  power  input  to  the  plate  is  6.9  watts.  The  power  de- 
livered to  the  plate  tank  is  4.65  watts  and  the  plate  dissipation 
is  2.25  watts.   The  grid  driving  power  required  is  0.596  watt 
and  the  grid-leak  resistance  is  1,370  ohms.   The  loaded  tank 
impedance  necessary  for  design  conditions  is  9,640  ohms. 

Tank  Circuit  Design 

Plate  Tank.   The  plate  tank  Is  identical  to  the  plate  tank 
for  the  2C40  tripler.   The  unloaded  shunt  tank  Impedance  i» 
1.24  x  105  ohms,  as  previously  calculated.   The  plate  tank 
efficiency  ia  92  per  cent  and  the  power  output  of  the  amplifier 
is  4.28  watts. 

Cathode  Tank.   The  cathode  tank  construction  is  similar  to 
the  plate  tanks  of  the  2C40  tripler  and  2C40  power  amplifier. 
The  cathode  tank  ia  constructed  of  a  section  of  flat-element 
transmission  line  shorted  at  both  ends  and  the  tube  placed  at  the 
center.   The  tuning  condensers  ar  placed  beside  the  tube.   The 
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elements  of  the  line  are  3  Inches  wide  and  spaced  3/8  Inch 
apart.  Consequently  the  cathode  line  has  a  characteristic  Im- 
pedance of  23,6  ohms  which  Is  the  same  as  for  the  plate  tank. 
The  total  loading  capacitanco  on  the  cathode  line  Is 
0.7  +  2.1  =  2,8  mlcromicrofarads.   Therefore  the  distance  be- 
tween the  tube  and  the  short  Is  0.194  wavelength,  or  2.59 
Inches.  The  total  distance  between  shorts  for  the  cathode 
line  Is  5.18  Inches. 


